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Dans Ie cadre de la relation structure-activite, nous avons determine et analyse par
RMN et modelisation moleculaire les structures de quelques peptides. Dans un
premier temps, nous avons determine et analyse les structures tridimensionnelles du
h-CGRP 1-37, de son antagoniste Ie h-CGRP 8-37 et des analogues de ce dernier
(Ala17-, Ale?0- et Ala21 -hCGRP 8-37). Nous avons montre que Ie h-CGRP est
caracterise par un segment N-terminal rigide, par une helice dans Ie segment (Val8-
Leu16) et par un tournantydans Ie segment (Ser19-Gly21). Par centre la structure du h-
CGRP 8-37 est mains definie, notamment la structure en helice n'est plus presente.
Dans ce cas, nous avons suggere que la structure en helice est stabilisee par des
liens hydrogene qui interviennent entre Ie pont disulfure (Cys2-Cys7) et Ie segment en
helice. Dans Ie cas des analogues Ala17-, Ala20- et Ala 21-hCGRP 8-37, nous avons
montre la conservation de la structure tridimensionnelle du segment C-terminal (Asn31-
Phe37) dans les trois analogues hCGRP 8-37, Aid7 - et AlcT - hCGRP 8-37, d'ou
('importance du segment C-terminal pour I'activite antagoniste.
Dans un deuxieme temps, nous avons determine les deplacements chimiques en
fonction de la temperature des protons amides NH de la motiline 1-12 et de dix de ses
analogues (CH^NH)1-2-, (CHgNH)2-3 ... (CH^NH)10-11 -motiline 1-12. Par la suite. les
structures tridimensionnelles des trois analogues motiline 1-12, (CHgNH)1'2- et
(CHgNHj^-motiline 1-12 Ont ete etudiees. Ces donnees montrent une structure
tridimensionnelle similaire pour les analogues motiline 1-12, (CHgNH)1'2-, (CHgNH)2'3-
motiline 1-12 sur Ie segment C-terminal, d'ou son importance dans I'activite biologique.
Dans Ie cadre de la mecanique moleculaire, nous avons explore I'espace
conformationnel accessible au peptide YSPTSPSY, elucide sa conformation libre et
liee a un fragment d'ADN, son mode d'intercalation et les interactions intermoleculaires
mises en jeu, ainsi que les changements conformationnels du fragment d(GACGTC)2
de CADN en double helice.
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Les proteines et les peptides sont d'abord des enchamements d'acides amines. Ces
molecules possedent une structure dans I'espace, precise et unique, qui leur permet
d'assumer leur fonction dans I'organisme (enzyme, hormone, etc.). Pour comprendre
cette fonction et son mecanisme d'action, il est done necessaire de connaitre la
structure tridimensionnelle de la proteine. De nombreuses techniques experimentales
et theoriques aident a resoudre Ie probleme de la determination de la geometrie
moleculaire: la diffraction des rayons X (1, 2 ), Ie dichro'fsme circulaire (3), la
spectroscopie par fluorescence ou ultraviolet (4), la resonance magnetique nucleaire
(RMN) (5, 6), les methodes de calculs d'orbitales moleculaires ab initio ou semi-
empiriques et les techniques fondees sur les principes et les lois de la mecanique
moleculaire.
La resonance magnetique nucleaire couplee a un ou plusieurs algorithmes (7, 8, 9)
de mecanique moleculaire est la methode de choix pour la determination des
structures tridimensionnelles en solution. A partir des distances interprotons (derivees
des mesures NOE) et des angles diedres (derivees des constantes de couplage J 1H-
1H ), les structures sont calculees d'une fa^on iterative par de nombreuses methodes
dont les plus populaires sont la distance-geometrie et la dynamique moleculaire
restreinte. Dans ce cadre, les articles I, II et IV portent sur les structures en solution
du peptide alternatifdu gene de la calcitonine (hCGRP 1-37), du fragment antagoniste
hCGRP 8-37 et ses analogues, ainsi que sur la motiline 1-12 et ses analogues. Une
etude de la relation entre la fonction et la structure tridimensionnelle identifie certains
elements structuraux essentiels pour I'activite.
Parmi les methodes theoriques, les techniques fondees sur la mecanique moleculaire
offrent un bon compromis entre fiabilite, rapidite et cout. II s'agit de methodes
empiriques integrant des parametres geometriques et energetiques en mecanique
classique. La validite de ces methodes estjustifiee par leur capacite a reproduire, dans
de nombreux cas, les geometries moleculaires et leurs energies corrrespondantes.
Dans ce cadre, et dans la premiere partie de I'article III, une approche basee sur une
recherche conformationnelle aleatoire avec minimisations d'energies a ete adoptee
pour generer I'echantillon Ie plus representatif sous forme d'une population de
conformations du peptide libre YSPTSPSY. La deuxieme partie porte sur Ie peptide
lie a un fragment d'ADN, ce systems a ete traite par un calcul d'arrimage base sur la
methode de Monte-Carlo, Ie mode d'intercalation dans I'ADN ainsi que les interactions
intermoleculaires mises en jeu sont analyses et discutes.
Dans Ie chapitre I, nous ferons un rappel des structures primaire, secondaire, tertiaire
et quaternaire des peptides et une revue generate des differentes methodes de
determination des geometries moleculaires, nous presenterons les methodes
theoriques et experimentales. L'accent sera mis sur la RMN du proton a deux
dimensions et les methodes utilisees en modelisation moleculaire.
CHAPITRE I
REVUE DES METHODES DE DETERMINATION DES STRUCTURES
TRIDIMENSIONNELLES
1.1 STRUCTURES DES PEPTIDES
1.1.1 Structure primaire
Les peptides partagent une meme structure fondamentale: tout peptide est un polymere
iineaire, forme par I'union sequentielle de motifs elementaires differents, les vingt acides
amines. De la meme maniere, les d'rfferents acides amines partagent la meme structure:
sur un carbone central (-Ca-) sont lies, toujours a la meme position relative, un
groupement amine (-NN2), un groupement carboxyle (-COOH ), un atome d'hydrogene
et une chame laterale R variable. Les acides amines constituant un peptide different
done uniquement par la nature de la chame laterale R. Les acides amines au sein cTun
peptide sont unis par une liaison covalente entre Ie groupement amine de I'un et
carboxyle de I'autre: c'est la liaison peptidique. Chaque acide amine incorpore dans une
chame peptidique est appele residu. Done, d'une proteine a I'autre, seuls different Ie
nombre et I'ordre des acides amines, que I'on appelle la sequence. Au sein d'un
peptide, on numerote conventionnellement les acides amines en partant du residu de
Fextremite N-terminale jusqu'a I'extremite C-terminale. Le nombre de residus d'acides
amines d'un peptide se situe entre 2 et 50 environ. La sequence de residus d'acides
amines est appelee structure primaire, c'est Ie premier niveau d'organisation d'un
peptide.
1.1.2 Structure secondaire
Le deuxieme niveau d'organisation des peptides est la structure secondaire qui refere
aux sous-structures qui sont communes a plusieurs peptides. En effet, un examen plus
detaille de la chame peptidique montre la repetition de structures regulieres telles que
Fhelice a, Ie feuillet P, les tournants p et les tournants y. Une chame peptidique repliee
en helice a une trajectoire helicoTdale avec un pas de 3,6 residus par tour. Les liaisons
hydrogene qui la stabilisent en sont la principale caracteristique ( entre Ie C=0 du residu
i et Ie NH du residu i+4), (figure 1). Un feuillet P a une structure presque totalement
plane. Des fragments de chame peptidique lineaires y sont maintenus les uns a cote
des autres par des liaisons hydrogene entre les hydrogenes des amines des residus
d'un fragment et les oxygenes des carbonyles des residus du fragment adjacent (figure
1 ). Plusieurs fragments de feuillets P peuvent etre juxtaposes simultanement. Les
structures en tournant P sont des pseudo-cycles a dix membres, formes grace a un lien
hydrogene entre Ie C=0 du residu i et Ie NH du residu i+3 (figure 1). II existe plusieurs
types de tournants |3 ( 1, II, III, IV, V, VI, VII, 1\ 11'. 111' ), qui different seulement par les
valeurs des angles de torsion (<|), \|T) des residus i+1et i+2. Les tournants y sont des
pseudo-cycles a sept membres stabilises par un lien hydrogene entre Ie C=0 du residu
i et Ie NH du residu i+2 (figure 1). Ces structures secondaires sont communes aux
peptides et aux proteines et peuvent etre predites par certaines methodes empiriques,
celle de Chou-Fasman, par exemple est basee sur ('analyse statistique de la structure
cristallographique de 29 proteines contenant 4741 residus acide amine.
lien H
c)
Figure 1 Modeles montrant les structures secondaires
a) Helice a
b) Feuillet P
c) Tournant P de type I
d) Tournant 7
1.1.3 Structures tertiaire et quaternaire
La structure tridimensionnelle, c'est-a-dire la fa^on dont s'organisent les elements de
structure secondaire entre eux, est appelee la structure tertiaire. L'existence de
dimeres ou de multimeres de la molecule definit la structure quaternaire.
Les aspects tridimensionnels de la structure des peptides sont issus des possibilites
de rotation autour de la plupart des liaisons chimiques de la molecule et sont stabilises
pardes liaisons secondaires entre les chaines laterales des residus : liaisons ioniques,
ponts disulfure, ponts hydrogene, interactions hydrophobes. La structure
tridimensionnelle d'un peptide peut done etre entierement definie par sa structure
primaire et par I'angle de rotation autour de chacune de ses liaisons. Chaque structure
possible pour un peptide est appelee conformation. On peut facilement imaginer un
grand nombre de conformations possibles pour chaque peptide, specialement si Ie
nombre de residus est eleve. Pourtant, les peptides biologiquement actifs se
presentent en general sous une seule ou un nombre limite de conformations. Cette ou
ces conformations conditionnent la fonction du peptide dans I'organisme. Tout cela
nous permet de poser une question: est-ce que la structure primaire determine la
forme des peptides dans I'espace ? Nous savons, que toute I'information est contenue
dans la structure chimique et la sequence primaire, mais nous ne savons pas
interpreter cette information. En d'autres termes nous ne connaissons pas les regles
qui font qu'un peptide adopte une conformation spatiale particuliere parmi les
innombrables conformations possibles, en se basant uniquement sur sa sequence
d'acides amines. Heureusement, des techniques experimentales aussi bien que
theoriques ont ete developpees pour resoudre ce probleme fondamental, qui est celui
de la determination de I'organisation spatiale des peptides.
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1.2 METHODES DE DETERMINATION DES CONFORMATIONS PEPTIDIQUES
1.2.1 Les methodes experimentales
1.2.1.1 Le dichroTsme circulaire
La technique du dichro'fsme circulaire (3) appliquee aux peptides fournit des
renseignements sur Ie pourcentage de structure secondaire d'un type donne (helice
a, tournant p). Elle ne peut cependant pas localiser ces structures secondaires dans
la molecule.
1.2.1.2 La diffraction des rayons X
La djffraction des rayons X est la premiere methode qui a ete utilisee pour la
determination des structures tridimensionnelles des biomolecules (1, 2). Cette
methode est precise mais, malheureusement, de nombreux peptides ne cristallisent
pas, ou quand ils cristallisent, la diffraction des monocristaux est insuffisante pour
resoudre leur structure. Cette methode est aussi limitee par Ie fait qu'elle donne des
informations structurales obeissant aux contraintes de I'etat solide, qui ne sent pas
celles ou les peptides existent naturellement
1.2.1.3 La resonance magnetique nucleaire
Durant les quinze dernieres annees, Ie developpement de la RMN a deux dimensions
(5, 6) a permis un grand progres dans la determination des structures
tridimensionnelles des biopolymeres. La procedure generate est maintenant bien
etablie (7, 8, 9), 1) identification des systemes de spin et assignation a un type
d'acides amines, a partir de I'analyse des spectres TOCSY et COSY, 2) determination
des angles diedres derives des constantes de couplage, mesurees a partir du spectre
COSY ou unidimensionnel, 3) identification des protons impliques dans des liaisons
hydrogene a partir de la variation des deplacements chimiques des protons NH en
fonction de la temperature, 4) determination des contraintes de distances interprotons
a partir du spectre NOESY qui permettent d'effectuer une assignation sequentielle et
5) utilisation des informations collectees a partir des etapes precedentes comme
contraintes pour Ie calcul des structures qui sont compatibles avec les donnees RMN.
Si nous plagons un petit volume de matiere contenant des atomes d'hydrogene dans
un champ magnetique Ho, Ie moment magnetique de son noyau (spin) s'aligne dans
la direction du champ (Ie long de I'axe z) (figure 2). En appliquant une onde
electromagnetique, Ie moment magnetique bascule par rapport a Ho. Si Ie
basculement est de 90°, I'impulsion electromagnetique dont la duree provoque un tel
basculement est dite impulsion a 90°. Une impulsion a 180° aura une duree double et
amenera Ie moment magnetique dans une direction opposee a sa direction d'equilibre.
Quand I'excitation est arretee, Ie moment magnetique revient a sa position d'equilibre
en reemettant I'energie accumulee au cours du basculement, un signal est alors
detecte, c'est Ie signal de precession libre ou FID (free induction decay) qui
correspond au retour a I'equilibre en fonction du temps. Une transformee de Fourier
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Figure 2 Detection en RMN
Les experiences de RMN a deux dimensions (2D) obeissent aux memes schemas de
base sauf que les signauxformant la seconde dimension sont affectes par une periode
de temps variable qui donne lieu a une serie de FID. Elles consistent en une periode
de preparation, une periode d'evolution (ti), une periode de melange et finalement une
periode de detection (t 2) (figure 3). Une transformee de Fourier dans chaque
dimension de S(ti, tg), nous donne les spectres a deux dimensions en frequence S(o)i,
coj. Dans la plupart des spectres a deux dimensions 1H-1H, la diagonale correspond
au spectre 1D, les pics places des deux cotes de la diagonale indiquent I'interaction
entre deux protons (figure 3). La nature des interactions depend du type de
Fexperience. Dans Ie spectre de spectroscopie de correlation (COSY), les pics
correspondent auxcouplages entre protons voisins lies chimiquement. A partir de ce
type de spectre, on peut aussi mesurer les constantes de couplage pour calculer des
angles diedres (figure 4). Dans la spectroscopie de correlation totale (TOCSY), les
pics correspondent aux connectivites a travers les liaisons chimiques entre protons
appartenant a un meme systeme de spin. C'est I'experience la plus utilisee dans Ie
cas des peptides, Ie systeme de spin dans ce cas correspond a un residu acide amine
(figure 4).
La spectroscopie de I'effet Overhauser nucleaire (NOESY) est la principale source
d'information pour determiner les structures 3D des peptides. Elle nous renseigne sur
les protons proches dans I'espace a une distance inferieure ou egale a 5 A. A cause
des mouvements internes de la molecule, cette distance ne peut pas etre determinee
precisement, les spectres sont alors interpretes qualitativement. Pour un pic intense,
les deux protons couples sont estimes a une distance inferieure a 3A, la distance entre
les deux protons est de 3 A a 4 A pour un pic d'intensite moyenne, et inferieure a 5A
pour une mtensite faible. Ce type de spectre nous renseigne aussi sur I'existence des
structures secondaires (figure 4). Par exemple, une distance entre les protons amides
de la chame principale de deux acides amines i et i+1 (dNN) de 2.8 A et le(s) proton(s)
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sur Ie carbone a du residu i et le(s) proton(s) sur Ie carbone p du residu i+1 (d^) de 3.5
A, qui se repetent sur quatre residus ou plus nous indique une structure en helice a
(tableau 1).
Tableau 1. Distances 1H -'H dans les structures secondaires des peptides



























a dAB(U): distance du proton A dans Ie residu i au proton B dans Ie residu j.
b Le premier des deux chiffres correspond a la distance entre les residus 2 et 3 et Ie
deuxieme a celle entre les residus 3 et 4. L'intervalle indique pour d^N(i,i+3)
correspond aux distances adoptees quand ^ est varie de -180 a 180°.c Intervalle de











































Figure 3 RMN a deux dimensions
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Protons rapproches < 5 A
Cons+an+es de couplage
JNHa —> angles diedres
Residu n Residu n+1
^
- Coefficients de temperature -> Liaisons hydrogene
Figure 4 Assignation des protons et information structurale
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Une autre source d'information peut etre obtenue en etablissant des spectres 1D a
plusieurs temperatures. Une faible variation negative des deplacements chimiques des
protons NH en fonction de la temperature (superieure a -3x10"3 ppm/K dans Ie
DMSO), nous indique que ces derniers sont en echange lent habituellement parce
qu'ils sont impliques dans des liens hydrogene.
1.2.2 Les methodes theoriques de modelisation moleculaire
Les methodes ab initio, semi-empiriques et empiriques sont les trois principales
methodes utilisees dans ('analyse conformationnelle des molecules.
1.2.2.1 Les methodes ab initio
Les methodes ab in'ftio consistent a resoudre I'equation de Schrodinger W!= EXF et a
chercher les orbitales moleculaires qui minimisent I'energie electronique E. A cause
des moyens de calcul insuftisants, ces methodes restent toujours inadequates pour
I'etude des peptides contenant plusieurs acides amines.
1.2.2.2 Les methodes semi-empiriques
Les m6thodes semi-empiriques sont basees sur des approximations lors de la
resolution de I'equation de Schrodinger. Plusieurs programmes de calcul sont
disponibles: MNDO ( 10 ), MINDO (11),... Us sont utilises pour predire certaines
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proprietes telles que la distribution electronique et les charges partielles. Elles sont
aussi utilisees pour minimiser les conformations des molecules, mais sont limitees a
I'etude des petites molecules.
1.2.2.3 Les methodes empiriques
Les methodes empiriques sont les plus adaptees a I'etude des peptides et des
macromolecules en general. Elles utilisent des fonctions energetiques ( champs de
force ) qui combinent des parametres deduits de I'experimentation (rayons X, RMN)
et de la theorie (mecanique quantique). Parmi les champs de force disponibles, on
peut citer: AMBER (12 ),CHARMM (13), CVFF(14 ), ECEPP (15,16 ).
- Champ de force ECEPP
Le champ de force ECEPP (Empirical conformational energy program forpeptides) a
ete con^u pour I'etude des peptides. II adopte Ie modele a geometrie rigide ( les
energies de deformation et d'elongation sont negligees) et I'expression analytique de
son energie totale E^ est la suivante:
E^ = 332.0 £ S q,q, / 2r., + S S F Akl / r,,12 - Ckl / r,,6
i j>i " '•' '' i j>i
[1.1]
+ £S A'/r,,12-B/rji10+ Z Eo (1 + cos nvF)/2
j j>i 'J 'J VF
ou les differents termes sont, respectivement, I'energie electrostatique, I'energie de
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van derWaals, I'energie de liaisons hydrogene et I'energie de torsion.
- Champ de force CVFF
Le champ de force CVFF ( consistent valence forcefield ) (14) commercialise par la
societe BIOSYM est a geometrie flexible, il tient compte des energies de deformation
et d'elongation et son expression analytique est la suivante:
•E.», = S D, {1 - e-a<b-b°>} + S He (6-9,,) + S H, {1+cos(n<|>)} + S H,x2.„- ^,, ^ , . ^,.,^o/ . ^,^,.^,,,, . ^,,,,
[1.2] + SS F,,. (b-bo)(b'-b'o) + SZF,,. (e-eo)(o'-e'o) + SS^ F,, (b-bo)(e-6o)
b b' -~ _ ~ ~ e e' " ' ~_ ~ be
5 ' 6  ' 7
+ £ F^..cos<t> (e-w-e'o) + SS F^xx' + S2 s {(r*/r,)12-2(r*/r,)6} + Z§ qfl/er,
^ ^ . . .-. ^. ^ ^, ^ ^ ^ .. lj' ' ''' ' '
8 9 ' 10 11
Les termes 1-4 sont, respectivement, les energies de deformation des liaisons, des
angles de liaison, des angles de torsion et des interactions hors du plan.
Les termes 5-9 sont les termes croises et representent les couplages entre les
deformations des coordonnees internes.
Les termes 10-11 decrivent, respectivement, les interactions de van der Waals et les
interactions electrostatiques.
Les etudes menees par Karplus (17) et Hagler (18) montrent que les deux types de
champs de force ( a geometrie flexible ou rigide ) arrivent aux memes conclusions
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dans I'analyse conformationnelle des macromolecules.
1.3 LES METHODES DE RECHERCHE CONFORMATIONNELLE
Trois methodes sont utilisees pour generer les conformations d'une molecule: la
recherche systematique, la dynamique moleculaire et les methodes Monte-Carlo.
1.3.1 Les methodes de recherche systematique
Les methodes de recherche systematique comprennent la methode de balayage
systematique et la methode d'enchamement. La premiere consiste a faire varier
systematiquement chacun des angles de torsion de la molecule pour generer des
conformations. Elle est inadequate dans Ie cas des macromolecules. En effet, Ie
nombre de conformations augmente considerablement avec I'augmentation de
I'espace des angles de torsions (19). La deuxieme (20) construit Ie peptide residu
(minimise) apres residu (minimise), et minimise la structure resultants. Son principal
inconvenient est Ie rejet des conformations stabilisees par des interactions entre
residus eloignes.
1.3.2 La dynamique moleculaire
La dynamique moleculaire (21, 22) consiste a simuler Ie mouvement d'une molecule
en fonction du temps, Ie mouvement de chaque atome etant gouverne par les lois de
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La dynamique moleculaire (21, 22) consiste a simuler Ie mouvement d'une molecule
en fonction du temps, Ie mouvement de chaque atome etant gouverne par les lois de
la mecanique de Newton.
Pour une simulation dynamique, il faut:
- choisir une structure initiale, compatible avec les donnees RMN, par exemple.
- donner des vitesses initiales aux atomes en fixant une temperature. Ces deux
valeurs sont interdependantes dans I'equation donnant I'energie cinetique moyenne
du systeme:
[1.3] 3NKT=Sm, < v, >
N etant Ie nombre d'atomes, K la constante de Boltzmann, T la temperature, m la
masse de I'atome et < v, > la vitesse quadratique moyenne de I' atome i.
- choisir un champ de force qui permet de calculer la force, et par consequent
I'acceleration a laquelle est soumis chaque atome. Pour un mouvement uniformement
varie:
[1.4] F = - 3E / 3r = my = m d2r / dt2 = constante
E etant I'energie, r la position atomique, m la masse atomique, yl'acceleration et t Ie
temps.
A la fin de la simulation, les nouvelles positions atomiques sont determinees par:
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[1.5] r(t)=1/2vt2+Vot+ro
ou ro est la position initiale de I'atome et t Ie temps de simulation (10 a 200 ps).
On peut acceder par la suite aux differentes conformations de la molecule.
La dynamique moleculaire est tres utilisee aussi bien pour les petites molecules que
pour les macromolecules. L'exploration correcte de Tespace conformationnel
accessible a une molecule depend du choix du champ de force, du temps de
simulation et de la temperature (23, 24). Ce dernier parametre conditionne les
barrieres energetiques qui peuvent etre franchies par la molecule.
1.3.3 Les methodes Monte-Carlo
La methode Monte-Carlo consiste a generer d'une fagon aleatoire un nombre tres
important de conformations selon une distribution de Boltzmann. Les proprietes
structurales et thermodynamiques sont calculees comme une moyenne de toutes les
conformations. Cette methode est tres appropriee pour I'etude des peptides flexibles,
qui necessitent un echantillonnage important (25). Une variante de cette methode est
la methode Monte-Carlo avec minimisation d'energie (26). La deuxieme partie de
I'article III est basee sur ce precede.
1.3.4 La methode du recuit simule
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La technique du recuit simule (simulated annealing) (27) couplee a la methode de
Monte-Carlo ou a la dynamique moleculaire exploite Ie facteur temperature pour
generer les conformations d'une molecule. La simulation est effectuee a haute
temperature (500-1 OOOK), pour un certain intervalle de temps, suivi d'une reduction
progressive de la temperature jusqu'a 300K (28). Cette procedure permet a la
molecule de franchir certaines bameres energetiques.
1.3.5 La methode PEPSEA
La methode PEPSEA (peptide search) (29) s'inscrit dans Ie cadre des methodes
empiriques. Elle consiste a generer aleatoirement un grand nombre de conformations
de la molecule etudiee et a minimiser leur energie pour former I'echantillon Ie plus
representatif de la molecule sous forme d'une population de conformeres. Cette
population est par la suite analysee par les techniques statistiques, telles que Ie
regroupement des conformeres en families ( clusters ) en tenant compte du facteur
entropique.
1.4 Les methodes couplees avec la RMN
1.4.1 La distance-geometrie
La methode de distance-geometrie (30, 31) traduit un ensemble de distances
interatomiques (les contraintes derivees des effets NOE) en structures
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tridimensionnelles realistes pour la molecule. A partir d'un nombre limite et imprecis
de distances NOE et des distances covalentes, la methode precede au calcul d'un
ensemble de distances plus precises entre tous les atomes par la methode de
I'inegalite triangulaire (32). Elle transforme ensuite ces distances en coordonnees
cartesiennes et precede enf in au raftinement des structures par optimisation, en vue
de reduire les violations des contraintes (NOE et covalentes ) a un niveau acceptable.
Parmi les methodes d'optimisation utilisees, on peut citer la technique de minimisation
d'energie par la methode du gradient conjugue ou celle de la dynamique moleculaire
restreinte. Le dernier-ne des programmes bases sur la methode de distance-
geometrie est Ie DGII (33).
1.4.2 La dynamique moleculaire restreinte
La dynamique moleculaire restreinte (34, 35) utilise la technique du recuit simule, cette
methode essaie de trouver un corn prom is entre les contraintes experimentales et les
donnees energetiques. Dans I'expression du champ de force, un terme de potentiel
relie aux contraintes NOE, ENOE> ®st ajoute et impose a la molecule:
[1.6] ENQE= SA| ( d, - d^E )2
d, etant la distance entre la ieme paire de protons dans les structures dynamiques,
dNoe la distance experimentale entre la meme paire de protons et A, la constante de
force. Cette derniere est choisie tel que ENQE tend toujours vers zero pendant la
simulation, et ce, afin que les structures dynamiques satisfassent aux contraintes
NOE.
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1.4.3 La minimisation d'energie
Les deux methodes de minimisation les plus utilisees dans Ie domaine des
biopolymeres sont, la methode de la descente par etape (steepest descent) et la
methode du gradient conjugue. Ce sont des techniques de descente iterative qui
utilisent des informations issues de la derivee premiere de la surface energetique.
Chaque iteration se fait en trois etapes consecutives, Ie choix de la direction de
descente r,, Ie choix de I'increment de descente ^1 , et finalement Ie calcul des
nouvelles coordonnees de la molecule representees par Ie vecteur v, a I'iteration i. Vj
a la meme dimension que Ie nombre de degres de liberte de la molecule.
[1.7] v,=v,.i+?i,r,
L'increment \ est augmente par un facteur multiplicateur a chaque iteration, tant qu'il
conduit a une diminution de I'energie. Dans Ie cas d'une augmentation de I'energie,
I'increment est diminue par un facteur multiplicateur. La seule difference entre la
methode de la descente par etape et la methode du gradient conjugue reside dans Ie
choix de la direction de descente. La premiere methode est generalement utilisee pour
une minimisation plus grossiere et la derniere methode pour Ie raftinement.
22
1.4.4 La modelisation par homologie
Les algorithmes de determination des structures conservees par homologie(36, 37)
sont bases sur Ie fait qu'il existe dans des families de peptides des domaines ou les
structures sont presque identiques. Une fa^on de trouver les structures conservees est
de calculer les differences de distances moyennes RMSD (root-mean square
deviation} entre les atomes de la chame principale des segments des peptides a
comparer, une valeur faible du RMSD(<1) indiquant que la structure est conservee.
En pratique, on compare deux peptides, segment par segment, et on cherche lesquels
donnent un RMSD faible entre les coordonnees atomiques de la chame principale.
Une matrice des distances interatomiques est construite a partir des coordonnees des
carbones a, pour les deux peptides a comparer. Par la suite, des petites regions
triangulaires des deux matrices sont comparees, Ie RMSD des elements des matrices
est calcule et Ie processus se repete. Les valeurs les plus faibles du RMSD sont
retenues avec leurs segments (residus) respectifs dans les deux peptides.
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INTRODUCTION
Le peptide alternatif du gene de la calcitonine humaine (hCGRP 1-37) est un peptide de
37 acides amines qui a plusieurs effets biologiques dont Ie plus important est la
vasodilatation. Le fragment hCGRP 8-37 est un antagoniste du hCGRP 1-37. Le but du
travail presente dans cet article est d'essayer d'expliquer Ie comportement biologique de
ces deux peptides sur des bases structurales, les structures secondaire et tertiaire de ces
peptides ont ete determinees par resonance magnetique nucleaire du proton a deux
dimensions et par modelisation moleculaire. L'analyse RMN a permis I'assignation et
I'identification de plus de 350 connectivites intra- et interresidus pour chaque peptide. Les
modeles moleculaires calcules par dynamique moleculaire et minimisation cTenergie ont
permis de montrer que la structure du hCGRP est caracterisee par un segment N-
terminal rigide en raison de la presence d'un pont disulfure suivi par un segment en
helice (Val -Leu16), un tournant y (Serl9-Gly21) et quelques liaisons hydrogene localisees.
La structure du hCGRP 8-37 est mains definie que celle du hCGRP et la structure en
helice n'est plus presente. Les modeles moleculaires des deux peptides confirment les
valeurs des coefficients de temperature des NH et les deplacements chimiques
secondaires des protons a. Les liens hydrogene avec Ie cycle forme par Ie pont disulfure
apparaissent comme critiques dans la formation de la structure en helice, ces deux
elements de structure etant essentiels pour I'activite agoniste.
Pour la realisaton de ce travail, j'ai acquis toutes les bases theoriques relatives a la
modelisation moleculaire au departement de chimie de I'Universite de Sherbrooke, j'ai
effectue Ie travail de recherche et de redaction de la partie modelisation moleculaire et




The solution structures of human calcitonin gene-related peptide (hCGRP, 37
residues) and of its antagonistic fragment hCGRP 8-37 have been determined by two-
dimensional H NMR spectroscopy and molecular modeling. Analysis of the double
quantum filtered correlation spectroscopy, total correlation spectroscopy and nuclear
Overhauser enhancement spectrosscopy spectra lead to a complete assignment and
to the identification of more than 350 intra- and interresidual connectivities for each
peptide. Molecular models were calculated by molecular dynamics and energy
minimization using distance constraints. The structure of hCGRP is characterized by
a rigid N-terminal disulfide-bonded loop followed by helix segments (Val8-Leu16), a y-
turn (Ser19-Gly21) and several local hydrogen bonded patterns. The structure ofhCGRP
8-37 is less defined than the structure of hCGRP and no helix structure is present.
Molecular models of both peptides are consistent with the NH temperature coefficients
and secondary chemical shifts of the a-protons. Hydrogen bonding with the disulfide-
bonded ring appears to be critical for helix formation, both structural elements being
essential for agonistic activity.
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INTRODUCTION
Calcitonin gene-related peptide (CORP) is a widely-distributed 37 amino acid
peptide whose structure is characterized by an amino terminal disulfide-bonded loop
(Cys2-Cys ). Two forms of the human peptide exist, a- and P-CGRP, which are
expressed by separate genes and differ in residue positions 3, 22 and 25 (1, 23). The
most notable biological effect of CGRP is on vasodilation but numerous effects on
neuronal tissue, skeletal muscle and the cardiovascular system have been reported
(11, 13, 22). The C-terminal fragment 8-37 (5, 6, 10, 15) behaves as a competitive
antagonist of certain biological effects of CORP and has lead to the distinction
between the CGRPi and CGRPg receptors (7).
Structural information for CORP has been derived from structure-activity
studies, spectroscopic (CD and NMR) and theoretical predictive methods. Structure-
activity studies have suggested a dependence of the CGRP activity on the helical
character of the peptide (18). The existence of an Asp14 residue in chicken CORP, a
better helix promoter than Gly14 existing in human CGRP (hCGRP), has been
suggested to be responsible for the stronger and longer-lasting hypocalcemic and
hypophosphatemic activities of the chicken peptide (18). Similarly, replacement of Gly23
by Val23, a better helix promoter, in chicken CORP leads to a two-fold increase in
activity (18). In addition, structure-activity studies have demonstrated the importance
of the terminal residues (9, 18,19, 21, 25). Removal of the N-terminal a-amino group
improved significantly both biological activity (three-fold in chicken CGRP) and duration
of action (18, 19, 21, 25). The C-terminal Phe37 is also very sensitive: the addition of
electron-withdrawing substituents in the para position of the aromatic ring has been
shown to induce up to a five-fold increase in activity for hCGRP (25). On the other
hand, removal of C-terminal Phe37-NH2 causes a large decrease in affinity of the
resulting fragment to CGRPi receptors (20).
Circular dichroism studies of CGRP in aqueous solvent mixtures with 2,2,2-
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trifluoroethanol (TFE) (12, 14, 16) or 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) (17)
have demonstrated a net solvent-dependent tendency of the chain to be a-helical.
These studies also indicated that the existence of an intact disulfide-bridged loop is
critical in stabilizing the a-helical conformation. This was emphasized with the results
of the CD study of hCGRP 8-37 which showed a weak helical content (17).
The structure of hCGRP has been investigated by two-dimensional 1H NMR
spectroscopy in TFE-water solutions (3, 20). Measurements in TFE-water 1:1 showed
that the CORP structure comprises an amino-terminal disulfide-bonded loop (residues
2-7) leading into a well-defined a-helix between residues 8 and 18, and followed by a
predominantly disordered segment although there are indications of a preference for
turn-type conformation between residues 19 and 21 (3). More recently, a comparison
between CD and NMR data for CGRP 1-37 and CORP 1-36 revealed that removal of
the C-terminal phenylalanine resid.ue does not cause significant structural
modifications, although the biological effects are altered (20).
In this study, we investigated the structures of hCGRP (a-form) and of its
antagonistic fragment hCGRP 8-37 in DMSO-dg using two-dimensional 1H NMR
spectroscopy and molecular modeling. Although no solvent can perfectly mimic the
receptor site environment, DMSO-dg was chosen due to its moderate polarity which
allows a stabilization of the conformation of the peptides and should be comparable
to the polarity of the receptor site. The structure of hCGRP was found to comprise
helical segments following the disulfide-bonded ring in the N-terminal region. The
helical structure is destabilized by removal of the disulfide-bonded ring in hCGRP 8-37.
Molecular models consistent with all NOE distance constraints and amide temperature
coefficients could be calculated for both hCGRP and hCGRP 8-37.
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Human a-CGRP (hCGRP) and hCGRP 8-37 were synthesized by the solid-phase
peptide synthesis method as described previously (17). Briefly, the synthesis was
performed with a homemade manual multireactor synthesizer using te/t-butyloxycarbonyl
(Boc) amino acid derivatives, p-methylbenzhydrylamine resin as solid support and
benzotriazol-1-yloxy-tris-(dimethylamino)phosphonium hexafluorophosphate (BOP) as
coupling agent. The peptides were deprotected and cleaved from the resin using
hydrofluoric acid in the presence of m-cresol. The formation of the disulfide bridge of
hCGRP was carried out in a mixed-solvent system of degassed 80% acetic acid solution
(1 mg/ml peptide) and an equal volume ofiodine solution (13 mM). After incubation for 2.5
hours with occasional shaking, zinc dust was added until discoloration of the mixture.
Crude peptides were finally purified by preparative C.,g reverse-phase HPLC.
Characterization of the peptides was performed by amino acid analysis, analytical HPLC
and capillary electrophoresis. The purity of these peptides was estimated to be up to 98%.
NMR Sample Preparation
Synthetic hCGRP and hCGRP 8-37 (5 mg) were dissolved in 100% DMSO-dg (0.5
ml) yielding concentrations of 2.6 and 3.3 mM, respectively. The sample solutions were
introduced in 5 mm NMR tubes and purged with argon gas to remove oxygen.
Data Acquisition
Two-dimensional 1H NMR spectra of hCGRP and hCGRP 8-37 were recorded at 600.13
MHz and at 298 K on a Bruker AMX 600 (Laboratoire Regional de RMN a Haut Champ,
Universite de Montreal, Montreal). DQFCOSY, TOCSY (mixing time 60 ms) and NOESY
(mixing times 100-300 ms) spectra were collected with 1024 data points and 256 t^
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increments using 32, 64 and 64 transients, respectively. The temperature dependences
of the NH chemical shifts were measured on TOCSY spectra acquired at 300, 305, 310,
315, 320, 325 and 330 K on a Bruker AMX2 500 spectrometer operating at 500.13 MHz.
Data Processing
Data processing was performed on Silicon Graphics Indigo R4000 XZ (50 MHz)
workstation using the program FELIX 2.30 (Biosym Technologies, Inc., San Diego CA).
Prior to Fpurier transformation, free induction decays were multiplied with a 30°-shifted
sinebell squared window function to improve resolution. For quantitative measurement of
NOESY data, a 90 "-shifted squared sinebell window function was applied to avoid
distortion of peak intensities. Data were zero-filled to yield a 2048 x 2048 matrix with a
digital resolution of 3.0 Hz/pt. When required, a baseline correction using a third-order
polynomial was applied. Sequential resonance assignments were performed using
conventional methods (27) and the main-chain-directed strategy (8). The linewidths
measured were relatively sharp (4-10 Hz) and were unaffected by a 10-fold dilution of the
samples, suggesting the absence of peptide aggregation. This possibility was therefore not
considered in the analysis.
In order to obtain distance constraints, cross-peak intensities were estimated from
the 200-ms NOESY spectra. NOE intensities were classified as strong, medium and weak
corresponding to upperbound constraints of 3, 4 and 5 A, respectively. When equivalent
proton nuclei were present on a same group, a distance correction corresponding to the
maximal distance between the pseudoatom and the protons was added to the constraint
(27).
Molecular Modeling
Molecular modeling calculations were carried out on the Silicon Graphics
workstation using softwares purchased from Biosym Technologies, Inc. (INSIGHT II,
DISCOVER, version 2.35). The extended structure of each peptide, built using the
30
consistent valence forcefield, was first submitted to 500 iterations of conjugate gradient
energy minimization with a RMS gradient of 0.001 A followed by molecular dynamics
simulation using 5 fs time steps to generate 105 conformations sampled at every 100 fs.
Cluster analysis of these conformations on the basis of interatomic distances allowed to
classify them into seven families of conformations. The lowest energy conformation in each
family was then energy minimized for 1000 iterations using the steepest descent algorithm.
The NMR constraints (NOE distance ranges) were then introduced in each of the seven
structures and the molecules were subjected to 30 ps of simulated annealing at 1000K,
followed with four cooling steps: from 1000 to 650K for 10 ps, from 650K to 475K for 4 ps,
from 475K to 385K for 4 ps and from 385K to 300K for 4 ps. The peptide conformers were
finally subjected to 2000 steps of conjugate gradients energy minimization with a RMS
gradient of 0.001 A. Five structures were generated for each of the seven starting
conformations. The quality of the final structures was analyzed on the basis of the number




The assignments of the 1H NMR signals of hCGRP (Table 1) and hCGRP 8-37 are
presented in Tables 1 and 2, respectively. Most amino acid spin systems were identified
from the connectivity patterns observed in DQFCOSY and TOCSY spectra. Aromatic
amino acids (His, Phe) were identified using their P-Ar NOESY connectivities. Sequential
assignments were performed mostly on the basis of C^N, dp^ and c^ connectivities and
were confirmed using connectivities with side chain protons. This procedure allowed the
unambiguous assignment of all signals in spite of the presence of multiple identical
residues (4 Ala, 4 Asx, 4 Gly, 4 Thr, 5 Val). The serine and arginine sequential
assignments were confirmed by a comparison to the [Ala17]-hCGRP 8-37 spectra (data not
shown). Signals of lower intensity due to cis Pro could be observed in the region of
residues 27-31. No signal was observed for the C-terminal amide protons.
The chemical shifts of hCGRP 8-37 are similar but not identical to those of hCGRP
as shown in Tables 1 and 2. The main differences are observed for residues 8-12. This
suggests that the structures of both peptides are slightly different in their common regions.
The chemical shift values obtained in DMSO-dg differ more significantly from the chemical
shifts reported for the same molecule in TFE: water 1: 1 at pH 3.7, even after taking into
account solvent effects on chemical shifts (3). This could be explained by structural
differences between the two solvent conditions.
Structural Information
The NOESY connectivities observed for hCGRP could be assigned to 211
intraresidual and 150 interresidual proton-proton interactions. The interresidual interactions
comprise 88 sequential and 62 medium range (30 i,i+2, 26 i,i+3 and 6 i,i+4) connectivities.
In the case of hCGRP 8-37, 174 intraresidual and 167 interresidual connectivities were
identified consisting of 106 sequential, 59 medium range (34 i,i+2, 17 i,i+3 and 8 i,i+4)
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and two long range connectivities involving Leu16, Arg18 and Val 23. The interresidual
connectivities are summarized in the diagonal plots of Figure 1 .
Interresidual connectivities indicative of regular secondary structure are presented
in Figure 2. In the case of hCGRP, the presence of consecutive intense disiN connectivities
between residues 5 and 16 as well as the presence of daN(U+3), dap(i,i+3) and daN(U+4)
connectivities in that region suggest the existence of a-helical structure. In the case of
hCGRP 8-37, the absence of strong dNN and medium range connectivities is inconsistent
with the presence of helical structure.
Figure 3 presents the secondary chemical shifts for the a-protons of hCGRP and
hCGRP 8-37 calculated relative to the published random coil chemical shifts in DMSO-de
(4). The possibility of helix formation exists for consecutive residues with negative
secondary shifts of -0.1 ppm or more (26). These shifts support a modest degree of helix
formation between residues 7 and 20 and between residues 23 and 28 for hCGRP. For
hCGRP 8-37, the secondary shifts are consistent with little helix except between residues
23 and 26.
The amide protons with low and intermediate temperature coefficients are illustrated
in Figure 2. Amide protons displaying the lowest temperature coetficients are those inside
and in the vicinity of the disultide-bonded loop of hCGRP fThr4 Thr^, Cys7 and Val8). Other
slow exchanging protons include those of Asn31 in both peptides as well Gly21, Phe27 and
Val32 in hCGRP and Leu15 in hCGRP 8-37. Amide protons with intermediate temperature
coefficients are present at various positions along the chain, especially for hCGRP (Figure
2). The fact that the chemical shifts of the a-protons were practically unchanged over the
temperature range indicates that the amide temperature coefficients are not attributable
to a conformational change of the peptide but that they are due to exchange rates
associated or not with hydrogen bonding.
Molecular Modeling
Following the molecular modeling procedure described above, 27 of the 35 hCGRP
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structures and 29 of the 35 hCGRP 8-37 structures converged onto an identical folding
pattern of the N-terminal segment (residues 1-16 and 8-16 for hCGRP and hCGRP 8-37,
respectively). The calculated backbone RMSD values in that segment were 1.47 A and
1.33 A for the converging structures of hCGRP and hCGRP 8-37, respectively. The lowest
energy structures for each peptide are displayed in Figure 4. In all final structures, no NOE
distance violations exceeded 0.5 A. Figure 5 displays ten superimposed structures of the
N-terminal segment of both peptides.
The N-terminal hCGRP structure consists of a fairly rigid disulfide-bonded ring
followed by two helical segments, Val8-Leu12 and Ala13 -Leu16 , running in opposite
directions. The intermediate amide proton temperature coefficients (Figure 2) and the weak
secondary shifts (Figure 3) found in that segment are consistent with the fact that this
helical segment is not completely regular. Very low amide temperature coefficients were
measured in the disulfide-bonded ring (Figure 2) and correspond to hydrogen bonds in the
calculated molecular model. All 27 converging structures displayed hydrogen bonding
between the amide NH ofThr and the side chain carbohyl ofAsn as well as between the
amide NH of Thr6 and the amide carbonyl of Thr4 . Twenty-four of the 27 converging
structures presented hydrogen bonding between the amide NH of Cys and the amide
carbonyl of Cys2 as well as between the amide NH of Val8 and both the amide carbonyl of
Cys2 and the sulfur of Cys7 . These two latter hydrogen bonds must exert a strong
stabilizing effect on the helix structure.
The C-terminal segment of hCGRP presents little regular structure although several
slow exchanging amide protons are present (Figure 2A). The temperature coefficients of
these protons are however higher than those of the disulfide-bonded cycle. Among those
is the slow exchanging amide proton of Gly which corresponds to a y-turn between the
amide NH of Gly21 and the amide carbonyl of Ser19 observed in all converging structures.
In addition, hydrogen bonding was observed for 12 structures between the amide NH of
Asn31 and the carbonyl ofVal28, in seven structures between the amide NH of Phe?7 and
the backbone carbonyl of Asn26 as well as between the amide NHofVal 32 and the
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backbone carbonyl ofAsn31. The hydrogen bond between Val28 and Asn31 does not give
rise to a regular p-turn, as evidenced from the measurement of the torsion angles.
For hCGRP 8-37, removal of the disulfide-bonded ring destabilizes the helix and
gives rise to a molecule devoid of regular secondary structure, in agreement with the
secondary chemical shifts (Figure 3). However, definite hydrogen bonding is present in two
segments of the molecule. The slow exchanging amide proton of Leu (Figure 4B)
corresponds to hydrogen bonding between the amide NH of Leu15 and the amide carbonyl
of His1 in all converging structures. This leads to folding in this part of the molecule
(Figures 4 and 5). In addition, hydrogen bonding is observed for 17 structures between the
amide NH ofAsn31 and the amide carbonyl ofVal28, similarly to hCGRP. This effect is a
result of the presence of a proline residue in position 29.
Our hCGRP structure is similar to the structure reported previously for the same
peptide in aqueous: TFE solution at low pH (3) except that the a-helix segment is less
regular in our case. Different NH temperature coefficients support that difference. Both
models display a y-turn for Ser19-Gly21 but additional hydrogen bonding "is present in our
model. The stronger helix stabilizing effect ofTFE is probably responsible for the structural
differences between the two models. The comparison of the three-dimensional structures
of hCGRP and hCGRP 8-37 allow to demonstrate the importance of hydrogen bonding
between the ring and the helix portion to stabilize the helix. This interaction was not
characterized previously.
It appears that the presence of the N-terminal loop might play a major role for
peptide activity with CGRPi receptors and discriminate between agonistic and antagonistic
activity. This conclusion is consistent with the results of a structure-activity study which
have demonstrated that the a-helical character is essential for activity (18). A circular
dichroism study has also concluded that the helical character is reduced in hCGRP 8-37
relative to hCGRP (17). The recent synthesis of an analogue with a C-terminal disulfide-
bonded loop displaying agonist activity also supports the importance of the ring for activity
(9). On the other hand, our NMR results do not display any connectivity between the N-
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and C-terminal portions of the chain. Reports of the importance of both the N- and C-
terminal groups for biological activity (18, 19, 21, 25) would suggest that the two terminal
ends might be in close proximity, although this has never been demonstrated directly.
Development of new analogs and peptidomimetics, and their characterization by NMR,
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Table 1. Proton Chemical Shifts (600 MHz) of hCGRP in DMSO-d<
Residue Chemical Shift (ppm)











































































































































































































































Table 2. Proton Chemical Shifts (600 MHz) of hCGRP 8-37 in DMSO-d^
Residue Chemical Shift (ppm)















































































































































































Figure 1. Diagonal plot of interresidual connectivities observed for (a) hCGRP and (b)
hCGRP 8-37 in DMSO-dg. A filled square indicates that at least one backbone-
backbone connectivity was observed between the two residues, a shaded square
indicates that at least one backbone-sidechain connectivity was observed and an open
square indicates that only sidechajn-sidechain connectivities were observed.
Figure 2. Summary of sequential and medium range NOESY connectivities indicative
of secondary structure which were observed for (a) hCGRP and (b) hCGRP 8-37.
Filled and open squares correspond to low and intermediate temperature coefficients
of the amide protons, respectively.
Figure 3. Secondary chemical shifts (SCS) for the a-protons of hCGRP and hCGRP
8-37 in DMSO-de as a function of residue number. Negative shifts of-0.1 and more are
indicative of helical structure.
Figure 4. Lowest-energy structures of (a) hCGRP and (b) hCGRP 8-37 following
molecular modeling by simulated annealing and energy minimization calculations using
NOE constraints from NMR.
Figure 5. Superimposition of the N-terminal residues for the ten lowest energy
structures of (a) hCGRP and (b) hCGRP 8-37 following molecular modeling
calculations using NOE constraints from NMR. Backbone-backbone hydrogen bonding
(2.2-2.5 A) corresponding to amide protons with low temperature coefficients is
illustrated by dotted lines.
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INTRODUCTION
La motiline est un peptide de 22 residus qui stimule la motilite de I'estomac et de I'intestin.
Le fragment 1-12 montre un effet biologique similaire a celui du peptide natif. La reduction
selective du groupement carbonyle amide pour former les analogues CHgNH produit une
reduction significative de I'activite pour les deux premieres positions N-terminales et une
perte complete de I'activite pour toutes les autres positions. Le but du travail presente est
d'essayer d'expliquer la reduction ou la perte totale d'activite des analogues CHgNH en
analysant leurs structures tridimensionnelles. Dans un premier temps, I'effet de la
temperature sur Ie deplacement chimique des protons NH dans dix analogues motiline 1-
12. (CH^NH)1-2, (CH,NH)2-3... (C^NH)10-11-motiline 1-12 est etudie afin de localiser les
liens hydrogenes. Dans un deuxieme temps les structures secondaires et tertiaires sont
determinees pour trois analogues, I'un actif, la motiline 1-12, Ie deuxieme moins actif, la
(CH2NH)1'2-motiline 1-12 et letroisieme completement inactif, la (Chyslh^-motiline 1-12.
Les resultats montrent que dans tous les analogues, la structure de la region N-terminale
(residue 1-5) est differente de celle de la motiline 1-12, cette derniere etant caracterisee
par un lien hydrogene entre Ie Phe1 et Ie lie4. La structure de la region C-terminale des
analogues est similaire a celle de la motiline 1-12 pour seulement les deux premieres
positions reduites (1-2 et 2-3), indiquant Hmportance du segment C-terminal de la motiline
1-12 et la conservation de la rigidite de la liaison amide pour I'activite biologique.
Pour la realisation de ce travail, j'ai acquis toutes les bases theoriques relatives a la
modelisation moleculaire au departement de chimie de I'Universite de Sherbrooke, j'ai
effectue Ie travail de recherche et de redaction de la partie modelisation moleculaire et une




Motilin is a 22-residue peptide stimulating stomach and intestinal motility. The motilin
1-12 fragment displays biological effects similar to the native peptide. Selective
reduction of the amide carbonyl groups to form ^[Ch^NH] analogs leads to a
significant reduction in activity for the first two N-terminal positions and to a complete
loss of activity for all other positions. The structures of motilin 1-12 and ten reduced
analogs were investigated using ,the temperature dependence of the amide NH
chemical shifts. In all the analogs, the structure of the N-terminal region (residues 1-5)
was different from the structure of motilin 1-12, which is characterized by hydrogen
bonding between Phe1 and lie4. The structure of the C-terminal region of analogs was
similar to the structure of motilin 1-12 for the first two reduction positions only (1-2 and
2-3), indicating that the C-terminal portion of motilin 1-12 is more critical for biological
activity. Complete structural characterizations of motilin 1-12, ^[Ch^NH]1'2- and
^[CH^NH^-motilin 1-12 were performed by two-dimensional NMR spectroscopy and
molecular modeling. The structural features observed confirm the differences based
on the temperature dependence of the amide NH chemical shifts. These results
demonstrate that conservation of the amide bond rigidity is essential for the activity of
non-hydrolyzable analogs.
Key Words: enzymatic cleavage protection analogs; molecular modeling; peptide
conformation; structure-activity relationship; two-dimensional NMR.Abbreviations:
DMSO, dimethylsulfoxide; DOPC, 1,2-dioleoyl-SA?-glycero-3-phosphocholine; DOPG,
1,2-dioleoyl-s/?-glycero-3-phosphoglycerol; DQFCOSY, double quantum filtered
correlation spectroscopy; FAB, fast atom bombardment; HFP, 1,1,1,3,3,3-hexafluoro-
2-propanol; HPLC, high performance liquid chromatography; NOE, nuclear Overhauser
enhancement; NOESY, nuclear Overhauser enhancement spectroscopy; RMS, root-
mean-square; RMSD, root-mean-square deviation; SDS, sodium dodecyl sulphate;
TOCSY, total correlation spectroscopy.
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Motilin is a 22-residue peptide hormone which stimulates the contractile activity of the
stomach and upper small intestine (1-3). The peptide is synthesized by endocrine cells
of the duodenum and jejenum mucosa, it circulates in blood and acts mostly to
stimulate the phase III of the migrating motor complex in the interdigestive period (4-6).
The motilin receptor was recently solubilized and characterized from rabbit antral
smooth muscle tissue (7). Erythromycin A and erythromycin derivatives were found to
be motilin receptor agonists (8-10).
The structures of porcine and rabbit motilin have been investigated in
1,1,1,3,3,3-hexafluoro-2-propanol (HFP): water mixtures as well as in 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) vesicles, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
(DOPG) vesicles and sodium dodecyl sulphate (SDS) micelles using circular dichroism
and two-dimensional 1H NMR spectroscopy (11-14). a-Heljcal structure was found to
exist in aqueous solvent and is stabilized by the presence of HFP (11), negatively
charged vesicles (DOPG) or micelles (SDS) but not by the presence of neutral DOPC
lipid vesicles (13,14). The solvent dependence of a-helix formation was similar for the
motilin 1-16 fragment and the native motilin (14). Analysis of the NMR results in 30%
HFP allowed to determine that the a-helix extends from Glu9 to Lys20 and that a wide
turn is formed between Pro3 and Thr6 (11, 12).
Structure-activity studies on synthetic fragments of motilin demonstrated that the N-
terminal segment is particularly important for activity (15-20). C-terminal fragments
failed to stimulate any contractile activity (15-17) and an important loss of activity was
measured when Phe1 was substituted or deleted (18, 21). In rabbit duodenal muscle
preparations in vitro, the N-terminal fragments 1-12 and 1-15 induced a contractile
activity comparable to that induced by the native peptide, fragments 1-10 and 1-11
induced significant contractile activity but shorter fragments were inactive (18, 20).
However, in the conscious dog, none of these N-terminal fragments influenced the
jntestinal myoelectrical activity (19).
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Selective reduction of the amide groups of motilin 1-12 to form ^[Ch^NH]
isosteres resistant to enzymatic cleavage resulted in a decrease in contractile
response for the analogs reduced in positions 1-2 and 2-3 and in a total loss of activity
for all other positions (20). Table 1 presents the EDgo values measured for motilin 1-12
and its ^[CHsNH] analogs on the contractile activity of the rabbit duodenal muscle in
vitro (20). These data show that a reduced activity is retained when the ^[Ch^NH]
group is in position 1-2 and 2-3 and that all the other analogs are inactive. The
contractile response for the HJ[CH2NH]1'2 and ^[CH2N]2'3 analogs is approximately five
and ten times smaller, respectively, than for motilin 1-12 (Table 1).
In this study, the three-dimensional structures of these ^[CH2NH]n'n+1motilin 1-
12 analogs were investigated by NMR spectroscopy and molecular modeling. NMR
measurements were performed in DMSO-dg, a moderately polar solvent stabilizing
peptide structures and considered a good mimic of receptor site environments. Our
data demonstrate a definite correlation between changes in contractile response in




Porcine motilin 1-12 was synthesized by solid phase peptide synthesis as described
previously (20). Briefly, the synthesis was performed with a homemade manual
multireactor synthesizer using te/t-butyloxycarbonyl (Boc) amino acid or amino acid
aldehyde derivatives, p-methylbenzhydrylamine resin as solid support and
benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP) as
coupling agent. The peptide was deprotected and cleaved from the resin using
hydrofluoric acid (HF) in the presence of m-cresol. The crude peptide was finally
purified by preparative C^g reverse-phase HPLC.
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^[CH2NH]n'n+1motJlins 1-12 were synthesized by the same method using Boc-
amjno acid aldehydes at the appropriate positions (20). The coupling of amino acid
aldehydes was performed in the presence of the sodium cyanoborohydride (NaBH3CN)
reducing agent No coupling of the secondary ^[CH 2NH] amine occurs during this
reaction (22). All peptides were obtained with a purity of more than 98% as monitored
by analytical HPLC, amino acid analysis and FAB mass spectrometry.
NMR measurements
NMR samples of motilin 1-12 and ^[CHzNHF'^motilin 1-12 analogs (trifluoroacetate
salts) were prepared in 0.5 ml of DMSO-dg at a concentration of 4.1 mM and
transferred to 5-mm NMR tubes. Samples were deoxygenated by bubbling argon gas
and then sealed. All NMR experiments were performed on a Bruker ARX 400
spectrometer operating at 400.14 MHz or on a Bruker AMX 600 spectrometer
operating at 600.13 MHz (Laboratoire Regional de RMN a Haut Champ, Universite de
Montreal). One-dimensional 1H NMR spectra were recorded using 8196 data points at
temperatures of 310, 315, 320, 325, 330, 335 and 340 K in order to determine the
temperature dependence of the amide chemical shifts. Phase-sensitive double-
quantum-filtered correlation spectroscopy (DQFCOSY) spectra (23), total correlation
spectroscopy (TOCSY) spectra (24, 25) and nuclear Overhauser enhancement
spectroscopy (NOESY) spectra in the time-proportional-phase-incrementation mode
with mixing times of 200-400 ms (26) were collected according to standard procedures.
All two-dimensional NMR spectra were recorded using 1024 data points and 256 t^
increments. The NMR spectra were processed using the FELIX 2.30 software (Biosym
Technologies, Inc., San Diego CA) operating on a Silicon Graphics Indigo R4000 XS
workstation. One-dimensional spectra were zero-filled to 16392 data points and Fourier
transformed. Two-dimensional spectra were zero-filled to 2048 data points in each
dimension and multiplied by a 30 "-shifted sinebell squared window function prior to
Fourier transformation.
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Sequential resonance assignments were performed using conventional methods
(27). Distance constraints were derived from the intensities of the NOESY cross-peaks.
NOE intensities were classified as strong, medium and weak corresponding to
upperbound constraints of 0.3, 0.4 and 0.5 nm, respectively. When equivalent proton
nuclei were present on a same group, a 0.05 nm distance correction was added to the
constraint.
Molecular modeling
Molecular modeling calculations were carried out on the Silicon Graphics workstation
using software purchased from Biosym Technologies, Inc. (INSIGHT II, DISCOVER
and NMRCHJTECT version 2.30). In order to sample adequately the conformational
space, the extended structure of each peptide, built using the consistent valence
forcefield, was first submitted to 500 iterations of conjugate gradient energy
minimization with a RMS gradient of 0.001 A, followed by molecular dynamics
simulation using 5 fs steps to generate 10 conformations sampled at every 100 fs.
Cluster analysis of these conformations on the basis of interatomic distances allowed
to classify them into seven families of conformations. The lowest energy conformation
in each family was then selected. Each conformation was energy minimized for 1000
iterations using the steepest descent algorithm. The NMR constraints were then
introduced and the molecules were heated from 300 to 1000K over the course of 10
ps, then cooled over a period of 4 ps to 500K and finally cooled to 300K over a period
of 4 ps. Following dynamics, the peptides were subjected to 2000 additional iterations
of conjugate gradients energy minimization with a RMS gradient of 0.001 A. Five
structures were generated for each of the seven starting conformations.
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RESULTS
Exchange rates ofamide protons
The rates of exchange of the amide protons were estimated from the temperature
dependence of their 1H NMR chemical shifts (Table 2). Temperature coefficients higher
than -4 x 10'3 ppm/K in DMSO are indicative of restricted mobility for the hydrogen
atom, which usually results from hydrogen bonding. The values of Table 2 indicate that
most amide hydrogens are not involved in hydrogen bonding. The absence of values
at certain positions is due to the absence of observable signal, this occurring mostly
in the vicinity of the MJ[CH2NH] replacement.
Comparison of the temperature coefficients of the ^[Ch^NH] analogs with those
of the native peptide provides an indication of the degree of structural change resulting
from the reduction of the amide bond. When comparing the temperature coefficients
of the ^[CI-^NH]1-2 and UJ[CH^I}'3 analogs to those of the native peptide, nearly
identical values are observed for the amide protons of residues 6-12 (Table 2). This
suggests that the structure of the C-terminal part of these molecules is identical, which
is not the case for any of the other analogs. On the other hand, the temperature
coefficients of practically all analogs are different from those of the native peptide in
the N-terminal portion (residues 1-5).
Two-dimensional N MR results
Two-dimensional DQFCOSY, TOCSY and NOESY spectra were recorded for motilin
1-12, ^[CH2NH]1-2 motilin 1-12 and ^[CH^NH]4-5 motilin 1-12 in DMSO-dg. Complete
resonance assignments were realized for each peptide using DQFCOSY and TOCSY
spectra for the assignment of the spin systems of specific residues and NOESY
spectra for sequential assignments (Fig. 1). A comparison of the 1H chemical shifts for
the three molecules is given in Table 3. The chemical shifts are very similar for all
three peptides except in the vicinity of the reduced amide bond, suggesting structural
differences in these regions. Signals were not observed for the C-terminal amide
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groups of motilin 1-12 and ^[CH2NH]1'2motilin 1-12 as well as in the vicinity of the
^•[CH^NH] group for ^[CHzNH^motilin 1-12.
The NOE distance constraints for motilin 1-12 comprised 42 intra-residue and
54 inter-residue connectivities which include 45 sequential and 9 medium range (7
i,i+2,1 i,i+3 and 1 i,i+4) connectivities. In the case of ^[CH2NH]1'2motilin 1-12. 55 intra-
residue and 34 inter-residue connectivities, including 29 sequential and 5 i,i+2
connectivities, were observed. For ^[CH2NH]4'5motilin 1-12, 38 intra-residue and 27
inter-residue connectivities (all sequential) were observed. In no case were any long
range connectivities (more than four residues apart) detected.
Backbone dihedral angle constraints were derived from the JNHCXH coupling
constant values (Table 4). The coupling constants are nearly identical for motilin 1-12
and ^[CH2NH]1-2motilin 1-12 but differ for ^[CH^NHf-'motilin 1-12. Eleven, ten and
seven dihedral angle constraints were obtained for motilin 1-12, ^[CH2NH]1'2motilin 1-
12 and ^[Ch^NH]4 motilin 1-12, respectively. All values are inconsistent with any type
of regular secondary structure formation but could be due to conformational averaging
in a flexible structure (28).
Molecular modeling
Following the energy minimization and molecular dynamics procedures described
above,31,30 and 27 of the 35 final structures of motilin 1-12, ^[CHsNHr-Wilin 1-12
and ^[CH2NH]4~5motilin 1-12, respectively, converged onto an identical folding pattern.
None of these structures displayed NOE distance violations of more than 0.05 nm and
the calculated backbone RMSD values were 0.13±0.03 nm. 0.14±0.03 nm and
0.17±0.05 nmformotilin 1-12. ^[CHzNHr-'motilin 1-12 and ^[CHzNH^motilin 1-12.
respectively.
The converging structures of the three molecules were analyzed in terms of
regular secondary structure. In the motilin 1-12 molecule, hydrogen bonding is
observed in 17 out of 35 structures between the amide hydrogen of Phe1 and the
carbonyl oxygen of lie4 (Fig. 2a), leading to the formation of a 14-membered
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pseudocycle. This hydrogen bond is suggestive of a P-turn but the measured torsion
angles (0,ltJ) for Val2 and Pro do not correspond to any regular type of P-turn, the
existence of a hydrogen bond between residue i and residue i+3 being insufficient to
identify a P-turn (29, 30). In the ^[CH2NH]1"2motilin 1-12 molecule, no hydrogen
bonding between the Phe1 and lie4 residues exists. This is in agreement with the larger
negative temperature coefficient calculated for M^[CH2NH]1'2hnotilin 1-12 than for motilin
1-12 (Table 2). In the case of ^[CH^NH^motilin 1-12, Phe1 -He4 folding is not
observed but hydrogen bonding between the amide hydrogen of Phe1 and the carbonyl
oxygen of Val2 is found in 15 of the 35 structures (Fig. 2b). Moreover, hydrogen
bonding was found in 25 of the 35 structures between the C-terminal amide hydrogens
and the carbonyl oxygen of Gln-11 (Fig. 2c). These hydrogen bonding patterns are
consistent with the low temperature coefficients observed for the Phe1 and C-terminal
amide hydrogens of ^[CH^NH^motilin 1-12 (Table 2).
The general structures of both motilin 1-12 and ^[Ch^NH^motilin 1-12 are
similar and present an analogous folding pattern in the C-terminal part but differ in the
N-terminal part (Fig. 3). However, the structure of ^[CHzNH^motilin 1-12 does not
present any short range folding and therefore differs from the two other molecules. For
all three molecules, the Gly8-Gln11 region is the best defined.
DISCUSSION
These conformational results based on different NMR parameters (NH exchange rates,
chemical shifts. 3JNHaH coupling constants, NOE distances) measured for motilin 1-12
and its analogs demonstrate that reduction of a single backbone carbonyl group leads
to significant structural effects. Reduction of the carbonyl group in position 1-2 causes
structural changes in the N-terminal segment mainly characterized by the disappea-
rance of the hydrogen bond formation between Phe1 and (W. Reduction of the
carbonyl group in position 4-5 leads to more significant structural modifications in both
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the N- and C-terminal parts of the molecule. Hydrogen bonding is now forming
between Phe1 and Val2 as well as between the C-terminal amide and Gin11 (Fig. 2c).
The general structure of ^[CHzNHJ^motilin 1-12 does not display wide turns, as is the
case of motilin 1-12 and ^[CH^NHJ^'motilin 1-12 (Fig. 3).
As expected for peptides of this size in solution, their structure is relatively
flexible in solution. This is indicated by the large temperature coefficients for most NH
protons (Table 1), by the average JNHO(H values (Table 4), by the low number of NOE
constraints and by the relatively large RMSD values following molecular modeling.
However, the peptide dynamics does not prevent the identification of clear structural
features as described above. The structural variability is illustrated in Fig. 3 for 10 low
energy conformers of each molecule. Previous NMR studies reported for motilin 1-22
also reported significant mobility in the N-terminal region (11,12). Our determination
of coupling constants and temperature coefficients, in addition to NOE distance data,
allows us to obtain a better defined structure than previously reported for the same
portion in the whole peptide.
These NMR-derived structural results are self-consistent and can be easily
correlated with biological activity (20). Only when carbonyl groups were reduced in
position 1-2 or 2-3 was there significant biological activity (Table 1). Examination of the
temperature coefficients in Table 2 indicates that the C-terminal (Thr6-Arg12)
temperature coefficients of ^[CHgNH]1-2- and ^[CHzN] 2-3motilin 1-12 are similar to
those of the native motilin 1-12. All other analogs display different temperature
coefficients in the C-terminal region and are therefore structurally different from the
native motilin 1-12, as is illustrated by the detailed structure determined for ^[CHgNH]4'
motilin 1-12 (Fig. 3). On the other hand, the temperature coefficients of all reduced
analogs in the N-terminal part (Phe1-Phe5) are different from those of motilin 1-12 and
biological activity is not always destroyed. Therefore, the structure of this region
appears to be less critical for activity, although the activity is reduced by 5-10 fold upon
reduction of the carbonyl group in positions 1-2 and 2-3 (Table 1). In spite of the
formation of hydrogen bonding involving Phe1, the N-terminal segment could be fairly
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mobile and increased mobility resulting from amide bond reduction might not affect
strongly the biological activity. However, the important loss of activity when the Phe1
residue is substituted or removed suggests that the nature of the side chain is critical
in that segment (18, 21). On the other hand, the rigidity of the C-terminal segment
appears to be an essential element for activity since the reduced amide bonds destroy
all activity. The structural importance of the C-terminal region of motilin 1-12 is in
agreement with the fact that shorter N-terminal motilin fragments were found to
produce strongly reduced or no contractile activity (18, 20).
To our knowledge, this is the first report of the structural effects caused by the
reduction of amide bonds in peptides of this size. Replacement of the amide carbonyl
group by a methylene group destroys the rigidity associated with the planar amide
bond and adds a positive charge on the ^[Ch^NH] moiety. This leads to more flexibility
and modified interactions in the vicinity of the aminomethylene group, affecting more
or less the overall molecular structure depending on the position of the reduced
carbonyl group. In the case of motilin 1-12, the first two N-terminal reductions
produced localized effects but all the others affected the overall molecular structure.
Therefore, the desirable effects of protection against enzymatic cleavage provided by
the methylene group produce structural disturbances resulting from the loss of
planarity (and rigidity) of the amide bond, affecting or destroying biological activity.
Based on these results, conservation of the amide bond rigidity seems to be an
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Effect ofMotilin 1-12 and ^[CH^NH] Analogs on Contractile
Activity of Rabbit Duodenal Wall Muscle3
^[CH^NH] Position Muscle Contraction
on Motilin 1-12 ECgo ± SEM (nM)











a From Miller etal., 1995.
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TABLE 2
Variation of the 1H NMR Chemical Shifts vs Temperature for the Amide Protons ofMotilin 1-12 and Analogs
^[CH^NH] Position
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NH-aliphatic region of the NOESY spectra (600.13 MHz) of motilin 1-12 recorded in
DMSO-dg at 300K using a mixing time of 250 ms.
FIGURE 2
Superposition of specific regions of the molecular models of (a) motilin 1-12 (Phe1-lle4),
(b) ^[CH^NH^motilin 1-12 (Phe1-Val2) and (c) ^[CH^NH^motilin 1-12 (Gln11-NH2t)
where the formation of CO-HN hydrogen bonding occurs.
FIGURES
Superposition often low energy structures of (a) motilin 1-12, (b) 4J[CH2NH]1-2motilin
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INTRODUCTION
Le peptide YSPTSPSY, un intercalateur de I'ADN, appartient a une famille de
medicaments anticancereux qui comprend la triostine A et I'echinomycin. Dans Ie cas
de ces deux dernieres molecules, la structure tridimensionnelle de leur complexe avec
un fragment d'ADN a ete resolue par RMN et cristallographie, par centre ces donnees
structurales ne sont pas disponibles,pour Ie complexe YSPTSPSY-ADN. Le but de ce
travail est d'essayer d'explorer I'espace conformationnel accessible au peptide et au
complex par une analyse multiconformationnelle. Une strategic basee sur une
recherche conformationnelle aleatoire avec minimisation d'energie a ete appliquee
pourgenerer les populations de conformeres qui caracterisentYSPTSPSY. L' analyse
par les methodes statistiques a permis de determiner I'existence de quatre classes de
conformeres qui contiennent des tournants p et / ou y. En utilisant une procedure
d'arrimage basee sur la methode de Monte-Carlo, Ie peptide YSPTSPSY ete arrime
dans un fragment d'ADN en double helice avec la sequence d(GACGTC)2. Le peptide
s'intercale dans Ie petit sillon de I'ADN entre les paires de bases CG, d'une maniere
similaire a celle observee dans Ie complexe de la triostine A avec I'ADN. En se liant
a I'ADN, la structure du segment C-terminal est modifiee en tournant p de type I. Cinq
liaisons hydrogene intermoleculaires sont observees mais les interactions de type van
der Waals constituent Ie facteur majeur de stabilisation du complexe.
J'ai effectue Ie travail de recherche et de redaction de la premiere partie de cet article
au departement de chimie de I'Universite de Sherbrooke, la deuxieme partie (
recherche et redaction) a 1'INRS-Sante.
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Abstract
Experimental evidences suggest that YSPTSPSY, a DNA-bjsintercalating peptide, can
adopt non-random conformations in aqueous solution. Strategies based on random
conformational search and energy minimizations have been applied to generate
populations ofconformers characterizing YSPTSPSY. Subsequent analysis based on
statistical methods and clustering allowed to determine the existence of four classes
of conformers containing p- and/or y-turns. Employing a Monte-Carlo based docking
procedure, the YSPTSPSY peptide was docked in a DNA double helical fragment with
the sequence [d(GACGTC)]2. The peptide binds on the minor groove of DNA stacking
the central CG base pairs, in a manner similar to that observed in complexes oftriostin
A with DNA. Upon binding, the structure of the C-terminal segment is modified into a
type I P-turn. Five mtermolecular hydrogen bonds are observed but the van der Waals
interactions constitute the major stabilization factor for the complex.
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Introduction
The heptad repeat unit SPTSPSY of RNA polymerase II has been proposed to
bind to transcription factors (1). Extending this heptad unit with one tyrosine at the N-
terminus yields the octapeptide YSPTSPSY (peptide I) which has been shown to bind
to DNA (2) as a member of a peptide family containing two terminal planar rings (3-5).
This peptide contains two overlapping Ser-Pro-X-X sequences often found in gene
regulatory proteins (6). Experimental evidence based on fluorescence measurements
(2) show that peptide I binds to DNA by the intercalation of tyrosine residues. In the
model proposed by Suzuki (2), both Ser-Pro-X-X sequences form type-1 P-turns, one
being interlocked to the other. The first P-turn is formed by Ser2-Pro3-Thr4-Ser5 with the
existence of two intramolecular hydrogen bonds, one between the carbonyl oxygen of
Ser2 and the amine hydrogen of Ser5 and the other between the P-hydroxyl oxygen of
Ser2 and the amine hydrogen of Thr4. The second p-turn is formed by the Se(5-Pro6-
Ser7-Tyr8 segment and involves hydrogen bonding between the carbonyl oxygen of
Ser5 and the amine hydrogen ofTyr8. An additional hydrogen bond was also postu-
lated between the side chain oxygen of Ser5 and the amine hydrogen of Ser7. Forma-
tion of these two P-turns serves to orient the two terminal tyrosine rings in adequate
position for spanning two CG base pairs of DNA (2). As demonstrated by NMR
analysis (7), there is good evidence for the presence of type I and type II P-turns in the
Ser2-Pro3-Thr4-Ser5 segment, but the Ser5-Pro6-Ser7-Tyr8 segment is less structured.
In this study, we used molecular modeling calculations to demonstrate the existence
not only of the structure proposed by Suzuki (2) but also of structures comprising one
P-turn and one y-turn and structures comprising INO y-turns. These structures are very
stable with the terminal tyrosine residues positioned favorably for interaction with the
minor groove of DNA.
Triostin A is a bicyclic antibiotic with a repeated sequence of four amino acids
(D-Ser-Ala-N-MeCys-N-MeVal)2 containing two planar aromatic quinoxaline rings
attached to the D-serine residues (3, 9). This molecule is C-shaped with a central
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region containing the cyclic depsipeptide with the two quinoxaline rings perpendicular
to the peptide backbone and parallel to each other. This arrangement orients the
quinoxaline rings in favorable position to intercalate into DNA. The crystal and NMR
structures of the triostin A-DNA complex (8-10) show that triostin A binds to the minor
groove as bisintercalator around the CG base pairs. The alanine residues of the
peptide are positioned so that their NH and carbonyl groups are located inside the C-
shaped structure at the interface with the nucleic acid. These alanine residues stabitize
the complex by forming four hydrogen bonds with the nucleic acid bases: two hydrogen
bonds are formed between the amine hydrogen of the alanines and the N3 of the
guanines and two hydrogen bonds are formed between the carbonyl oxygens of the
alanines and the NN2 hydrogens of the guanines. However, the major binding
interaction between the drug and the nucleic acid involves a large number of van der
Waals contacts.
In this study, the mode of bisintercalation of peptide I into DNA was investigated
by docking calculations and was found to involve a rearrangement of the C-terminal
structure. Details of the structures and interactions are presented and compared to the
crystal and NMR structures of the triostin A-[d(GACGTC)J2 complex.
Experimental Section
Random Conformational Search. The peptide sequence of YSPTSPSY
(peptide I) was built using the standard residue library of the ECEPP (empirical
conformation energy program for peptides) forcefield (11, 12). The PEPSEA (peptidic
search) method (13) was used which, instead of searching a global minimum,
generates the most representative peptide population. A total of 15,000 conformers
was generated by randomly changing 24 torsion angles (0, M^, x) of the backbone and
the side chains. Dihedral angles were labelled according to the IUPAC-IUB
Commission on Biochemical Nomenclature (14). The conformational energies of the
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resulting structures were calculated using the ECEPP forcefield and energy minimized
using the conjugate gradients algorithm (15) for 1000 iterations with a RMS gradient
of 0.001 kcal.mol'1.A'1. The validity of the population sample was assessed by the bell
shape of the energy histogram. Individual analysis of the first 100 structures allowed
a classification of the conformers into characteristic families. The calculations were
performed on IBM RISC/6000 model 520 workstation (Laboratoire de modelisation
moleculaire, Universite de Sherbrooke, Canada). The SYBYL molecular modeling
program (Tripos Associates Inc., St. l^ouis MO) was used for calculating and analyzing
the molecular structures.
Docking Procedure. Docking studies were carried out on the Silicon Graphics
workstation using the software modules INSIGHTII and AUTODOCK (16) from Biosym
Technologies, San Diego CA. The Biosym consistent valence forcefield (CVFF) was
used to build the peptide and the B-DNA structure, determined by NMR in the
presence of triostin A (10), was obtained from the Protein Data Bank (Brookhaven
National Laboratory, Upton NY). Peptide I was docked in the minor groove of the DNA
fragment using the Monte Carlo docking procedure. This procedure uses a high
temperature dynamics calculation. A key component of the procedure is the Monte
Carlo-d riven insertion of peptide conformers into the DNA structure based on the
random positioning within the DNA molecule followed by a calculation of the interaction
energy with the affinity grid. Displacing the peptide results either in an increased or a
decreased affinity energy. When the affinity energy is increased, the positioning is
rejected and a new random positioning is chosen. When the affinity energy is
decreased, the positioning is accepted and displacement is pursued in the same
direction until the interaction energy is practically constant. The resulting complex,
which is often in a highly energetic state, is then energy minimized using the conjugate
gradients algorithm until the RMS gradient is less than 0.001 kcal.mol'1.A'1.
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Results and Discussion
Conformational Domains of Peptide I. Conformations of peptide I generated
by the random conformational search have been classified in accordance with the
conventional letter-coded regions of the (0,(4J) maps (17). The most stable conformers
are distributed into four major families presented in Figure 1 . Table 1 presents a list of
the structured conformers among the first 100 calculated structures divided in families
with their identification number, conformational code, type of P-turn, conformational
energy, frequency of occurrence and presence of hydrogen bonds. All hydrogen bonds
were shorter than 2.9 A and their XH-Y angles larger than 100°.
The first family, which comprises the majority of structures, is characterized by
a P-turn in the N-terminal segment Ser2-Pro3-Thr4-Ser5 (Table 1). Most conformers of
this family show the presence of hydrogen bonding between the carbonyloxygen of
Ser5 and the amine hydrogen of Ser7, forming a y-turn in the C-terminal segment. An
important number of conformers of this family are stabilized with a third hydrogen bond
between the side chain hydroxyl oxygen of Ser2 and the amine hydrogen of Trtr.
Conformers of the second family are characterized by two hydrogen bonds, one
between the carbonyl oxygen of Ser2 and the amine hydrogen of Thr4, the other bet-
ween the carbonyl oxygen of Ser5 and the amine hydrogen of Ser7. These hydrogen
bonds give rise to two y-turns, one in each extremity of the peptide chain. The third
family comprises conformers containing a P-turn in the C-terminal segment Ser5-Pro6-
Ser7-Tyr8, along with the presence of hydrogen bonding between the carbonyloxygen
of Ser5 and the amine hydrogen of TyrB. Most conformers of this family display a se-
cond hydrogen bond between the carbonyl oxygen of Ser2 and the amine hydrogen of
Thr^. Some conformers of this family are stabilized with a third hydrogen bond between
the side chain oxygen of Ser5 and the amine hydrogen of Ser7. Finally, the fourth family
is characterized by two P-turns located, respectively, in the N- and C-terminal
segments. Figure 2 shows the superimposition of structures belonging to the four
families.'Several structures belonging to none of the four families remained. These
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presented other hydrogen bonding patterns or were extended structures.
The largest number of structures belongs to family 1 which includes the most
stable conformers, energetically and thermodynamically (frequency of occurrence). On
the other hand, conformers with two p-turns (family 4) are the least stable energetically
and the least abundant (Table 1). These results also indicate that the C-terminal
portion of peptide I is less structured than the N-terminal portion, in agreement with the
NMR results (7).
Analysis of the structures in each family allows a characterization of the
geometrical parameters, especially the distances between the P-carbons and hydroxyl
oxygens of the terminal tyrosine residues. In most conformers, the aromatic rings of
both tyrosines are located on the same side of the molecule and their Cp-Cp and
hydroxyl 0-0 distances are comparable to the reported values of 11.1 A and 10.2 A,
respectively (2). Superimposition of one structure of each family with the structure
proposed by Suzuki (2) is illustrated in Figure 3 and demonstrates that the presence
of two P-turns is not necessary to position the aromatic rings on the same side of the
molecule with Tyr -Tyr8 distances suitable for intercalation into DNA. In fact,
conformers of families 1, 2 and 3 containing y-turn structures present their terminal
tyrosine rings in positions very similar to the Suzuki model (2).
Our approach with multiconformational analysis allows us to underline two
important points. First, clear evidence is obtained that the structure of unbound peptide
I is not a random coil but that the conformational space is populated with structures in
which the Ser-Pro-X-X segments form mostly type III p-turns and occasionally type I
or type II P-turns (the structures of type I and type III P-turns are very similar (18)).
Second, comparing with Suzuki's model (2), we have been able to show (Figure 3) that
structures with a N-terminal p-turn and a C-terminal y-turn (family 1), with a N-terminal
Y-turn and a C-terminal P-turn (family 3) or with two y-turns (family 2) are very stable
presenting in adequate position the terminal tyrosine rings for intercalation into DNA.
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Structure of the Peptide 1-DNA Complex. Figure 4 displays the peptide I-
[d(GACGTC)]2 complex as viewed in the major groove (Figure 4A) and sideways
(Figure 4B);As can be seen, peptide I binds to the minor groove with the two tyrosine
rings stacking on each side of the CG base pairs. Figure 5 illustrates the stacking
arrangement of the nucleic add bases and tyrosine rings as viewed from the top of the
helix. Different degrees of ring overlap are observed. A closer view of the interaction
between peptide I and the nucleic acid fragment is shown in Figure 6. Torsion angles
of the nucleic acid and peptide I backbone are given in Table 2. The geometry of the
oligonucleotide, which had been determined by NMR in the presence oftriostin A, is
only slightly changed in the presence of peptide I.
A major stabilizing factor for the peptide 1-DNA complex is provided by the
existence of a large number of van der Waals interactions, the calculated energy of
interaction being -94.03 kcal/mol (Figure 7). A total of 36 van der Waals distances
shorter than 3.5 A are present between the atoms of peptide I and those of the DNA
fragment. An important stabilizing factor is the aromatic ring stacking which is maximal
when the inter-ring distance is 3.4 A. The Tyr1 ring largely overlaps with the G4 ring at
a distance of 3.40 A and partially with the A8 ring at a distance of 3.50 A. The aromatic
ring of Tyr8 overlaps strongly with the G10 ring at a distance of 3.52 A and with the A2
ring but at the longer distance of 4.00 A (Figure 5). In addition, van der Waals
interactions exist between Ser 2, Ser5 and the central CG base pairs. Five
intermolecular hydrogen bonds are formed: between the amine hydrogen of Ser2 and
the NN3 nitrogen of G4, between the carbonyl oxygen of Ser- and the NHg hydrogens
of G10, between the side chain hydroxyl hydrogen of Ser2 and the NN3 nitrogen of G4,
between the side chain hydroxyl hydrogen of Ser5 and the NN3 nitrogen of G8 as well
as between the carbonyl oxygen of Ser7 and the N3 of A2. This suggests that Ser2 and
Ser5 are the key residues for the binding of peptide I to the central CG base pairs.
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Comparison of Peptide 1-DNA and Triostin A-DNA Complexes. Similarities
are found between the peptide 1-DNA complex and the triostin A-DNA complex. In both
complexes, strong van der Waals contacts and four hydrogen bonds between the
central CG base pairs and the serine or alanine residues, for peptide I or triostin A,
respectively. The stacking interactions between the tyrosine rings and the base pair
rings in the peptide 1-DNA complex are similar to those observed between the six-
membered ring of quinoxaline in triostin A and the base pair rings in the triostin A-DNA
complex. In both complexes, multiple van derWaals interactions constitute the major
component of the stabilization (8-10).
Superimposition of the intercalated structures of peptide I and triostin A (Figure
8) shows strong similarities between the two molecules. Both tyrosine rings in the case
of peptide I and both quinoxaline rings in the case of triostin A are perpendicular to the
main chain, parallel together and positioned favorably for intercalation. Both peptides
are C-shaped and Thr4 in peptide I seems to play the same structural role as the
disulfide bridge in triostin A. In the peptide I structure, both terminal tyrosine residues
are diagonally opposed to Thr4 whereas Ser2 and Ser5 are pointing toward the nucleic
acid and positioned to play a crucial role in complex formation. A similar situation is
observed for triostin A where the serine residues are diagonally opposed to the
disulfide bridge and the two alanine residues are pointing toward the nucleic acid in a
favorable position for bisintercalation.
Conformation of Peptide I in the Complex. The lowest energy conformation
of peptide I, belonging to family 1 (conformation 1 in Table 1) has been docked into the
DNA fragment. This conformation was chosen because, according to our results, the
majority of conformers belongs to family 1. It contains both a N-terminal P-turn
(residues Ser2-Pro3-Thr4-Ser5) and a C-terminal y-turn (residues Ser5-Pro6-Ser7). The
docking results indicate that in the complex of peptide 1 with the central CG base pairs,
the major stabilization factor is due to the interaction between the N-terminal part of
peptide I and the CG base pairs. These interactions are only possible if the peptide
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adopts a conformation in which the N-terminal segment is ideally distanced from the
CG base pairs, which occurs only when peptide I is folded to form a p-turn in its N-
terminal part. As illustrated in Figure 9, it is evident that conformers of family 2 or
family 3 with a N-terminal y-turn cannot bind to DNA, even though their tyrosine rings
can intercalate. Atoms from the N-terminal segment remain far from the CG base pairs
and, therefore, interactions essential to the formation of the complex cannot occur. In
our attempts to dock a conformer of family 2 containing two y-turns, the peptide was
always expelled from the DNA binding site.
Following docking and energy minimization of the complex, the structure of the
family 1 conformer rearranged itself inside the complex. Formation of an intermolecular
hydrogen bond between the carbonyl oxygen of Ser2 and the NN3 nitrogen of 0
provoked the rupture of the intramolecular hydrogen bond between the carbonyl
oxygen of Ser2 and the amine hydrogen of Ser5. This leads to favorable interactions
between the N-terminal segment of peptide I and the central CG base pairs.
Concomitantly, the structure of the C-terminal segment rearranged itself- in a more
folded conformation to allow a better insertion of the Tyr8 ring into the A2-T11 and C3-G10
base pairs. Analysis of the torsion angles of peptide I (Table 2) in the final complex
structure, indicates that the values of the 0 and ^ angles of Pro and Thr^ are very
similar to the angles characterizing a type I P-turn, except for the ^ angle of Thr4 which
deviates by approximately 40° from the ideal value. The major structural change,
however, occurs in the C-terminal segment of the peptide which changes from a y-turn
to a type I P-turn better defined than in the N-terminal segment. This new geometry of
peptide I complexed to the DNA fragment is relatively similar to the structure proposed
by Suzuki (2) solely on the basis of a comparison between peptide I and triostin A. It
is particularly interesting to note the similarity of the interatomic distances between the
terminal aromatic rings. The distances between the P-carbons and the hydroxyl
oxygens of Tyr1 and Tyr8 were, respectively, of 11.1 A and 10.2 A in Suzuki's model
and 11.07 A and 10.08 A, respectively, in our model. Comparison of the peptide I
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conformations before and after the docking procedure suggests that the conformation
of the peptide is modified due to bisintercalation and that the structures of peptide I
free and bound to DNA are different.
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Table 1. Characteristics of Structured Conformers of Peptide I among the First 100


























































































































































































































































































Family 4: two P-turns
29 FAADAAC III, III -22.14 2 2
32 DABEABA 1.1 -20.69 1 2,4
35 FAAFCA*E III, II -19.60 1
a Zimmerman codes of the amino acids in the p-turn segment (17): residues Ser2-Pro3-
Thr4-Ser5 in the N-terminal segment and Ser 5Pro 6Ser ZTyr 8in the C-terminal segment.
b Hydrogen bonds correspond to: 1, between the carbonyl oxygen of S^r and the
amine hydrogen of Thr4; 2, between the P-hydroxyl oxygen of S^r and the amine
hydrogen ofThr4; 3, between the carbonyl oxygen of Ser5 and the amine hydrogen of
Ser7; 4, between the P-hydroxyl oxygen of Ser5 and the amine hydrogen of Ser7.c All
conformers of this family displayed two y-turns, one formed by the hydrogen bonding
between the carbonyl oxygen of Ser2 and the amine hydrogen of Trf-, the second
between the carbonyl oxygen of Ser5 and the amine hydrogen of Ser7.
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Table 2. Torsion Angles ofAmino Acids and Nucleic Acid Bases of the Lowest Energy
Peptide I - Oligonucleotide Complex
Oligonucleotide backbone
base torsion angle (°)a
a P Y 5 e ? X
A2 56.80 127.81 -173.06 9.33 -138.21
C3 92.61 173.92 -175.28 84.34 174.39 . -86.42 -113.09
G4 150.23 -126.08 -166.48 124.00 -78.58 -64.60 -118.30
T5 -56.83 -38.12 -160.27 142.90 -162.63 -129.95 -137.86
A8 -81.04 -178.78 56.15 136.80 -152.45 -69.64 -98.73
C9 98.61 175.76 -167.08 80.73 176.15 -119.73 -109.09
G10 136.15 -103.33 -174.45 124.40 -69.04 -168.41 -125.96
T11 92.94 -129.78 -174.78 143.43 -132.07
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Peptide I
residue torsion angle (°)£

























































a Torsion angles of the oligonucleotide are defined as P 0^ C5L C4S C39 03? P and
01'-C1txN9-C4 in purines or 01'-C1'XN1-C2 in pyrimidines. Torsion angles of peptide
I follow the standard nomenclature (13).
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Figure Legends
Figure 1. Chemical structures of the four families of peptide I obtained following
random conformational search and energy minimization. The location of
hydrogen bonds leading to the formation of P- or y-turns existing in all
structures and to the formation of possible y-turns are given by continuous
and dotted lines, respectively.
Figure 2. Superimposition of structures generated by random conformational search
and energy minimization for (a) family 1, (b) family 2, (c) family 3 and (d)
family 4 of peptide I.
Figure 3. Superimposition of peptide I structures (thick line) belonging to (a) family
1, (b) family 2, (c) family 3 and (d) family 4 with the peptide I structure
proposed by Suzuki (narrow line) (2).
Figure 4. Structure of the complex formed by peptide I (thick line) intercalated into
the [d(GACGTC)]2 oligonudeotide (narrow line) following docking
calculations (a) front view into the major groove and (b) side view. The
terminal nucleic acid base pairs are not shown. Several intermolecular
distances (in A) are given in part (a).
Figure 5. Sections of the peptide l-[d(GACGTC)]2 complex showing the overlap of
aromatic rings from the oligonucleotide bases (narrow lines) and peptide
I tyrosines (thick lines) at the level of the (a) T5-A8. (b) G4-C9, (c) C3-G10 and
(d)A2-T11 base pairs.
Figure 6. Section of the peptide l-[d(GACGTC)]2 complex showing the intermolecular
hydrogen bonds (thick dotted lines) and the distances between the
aromatic rings ofTyr1 and Tyr in peptide I (narrow dotted lines). Distances
are given in A.
Figure 7. Graph showing the evolution of the energy of interaction of the peptide I-
[d(GACGTC)]2 complex during the docking and conjugate gradients energy
minimization calculations.
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Figure 8. Comparison of the structures of peptide I (thick lines) and triostin A (narrow
lines) (10) when bound to the same oligonucleotide. Structural similarities
are evident, Thr4 in peptide I overlapping with the disulfide bridge in triostin
A.
Figure 9. Structure of the peptide l-[d(GACGTC)]2 complex showing the difference
between a peptide I conformer from family 2 (thick lines) and the energy
minimized docked conformer (dotted lines). An important conformational
difference is observed, in the N-terminal segment which results in the
impossibility of binding for a family 2 conformer with two y-turns.
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INTRODUCTION
Le remplacement de residus specifiques par un residu alanine est une technique tres utilisee
pour augmenter Ie caractere agoniste ou antagoniste des peptides. Cette technique a ete
utilisee dans Ie cas du fragment du peptide alternatif du gene de la calcitonine 8-37 (hCGRP
8-37). Le remplacement par des residus alanine en position 17 et 20 produit de bons
antagonistes au recepteur CGRP1, mais un antagoniste mediocre en position 21. Le but de
ce travail est d'essayer d'expliquer cette difference de comportement biologique en
comparant les structures secondaires et tertiaires des quatre analogues hCGRP 8-37,
(Ala17)-, (Ala20)- et (Ala21)-hCGRP 8-37. Les structures en solution des quatre analogues
ont ete determinees par RMN et modelisation moleculaire. La comparaison des
deplacements chimiques et des variations de deplacement chimique des protons amide en
fonction de la temperature montrent que ces donnees sont differentes pour (Ala17)-hCGRP
8-37 et (Ala 20)-hCGRP 8-37 relativement au hCGRP 8-37 sur les segments N-terminal et
central mais pas sur Ie segment C-terminal (residus 31-37). Dans Ie cas de (Ala21)-hCGRP
8-37, les differences sont observees sur toute la chaine. Les modeles moleculaires calcules
par distance-geometrie, recuit simule et minimisation d'energie montrent une homologie
structurale entre (Ala17)-hCGRP 8-37, (Ala20)-hCGRP 8-37 et hCGRP 8-37 pour Ie segment
Asn31-Phe37 ainsi qu'une liaison hydrogene entre Val28 et Asn31. Ces similarites structurales
ne sont pas observees avec (Ala )-hCGRP 8-37. La structure du segment C-terminal du
hCGRP 8-37 apparait done critique pour I'activite antagoniste.
Pour la realisation de ce travail, j'ai acquis toutes les bases theoriques relatives a la
modelisation mQleculaire au departement de chimie de I'Universite de Sherbrooke, j'ai
effectue Ie travail de recherche et de redaction de la partie modelisation moleculaire et une




Replacement of specific residues of the antagonistic fragment human calcitonin gene-related
peptide 8-37 (hCGRP 8-37) by alanine residues produces good antagonists to CGRP1
receptors when the replacement is made at positions 17 and 20 but a poor antagonist when
the replacement is made at position 21. The solution structures of hCGRP 8-37 and of the
three alanine analogues have been determined by two-dimensional 1H NMR spectroscopy
and molecular modeling. Following the complete assignment of the NMR spectra, a
comparison of the chemical shifts and of the temperature dependence of the amide chemical
shifts showed that these parameters differed for [Ala17]-hCGRP 8-37 and [Ala20]-hCGRP 8-37
relative to hCGRP 8-37 in the N-terminal and central segments but not in the C-terminal
segment (residues 31-37). In the case of [Ala21]-hCGRP 8-37, differences were observed all
along the chain. Molecular modeling calculations were performed by distance-geometry,
simulated annealing and energy minimization using NOE distance constraints. Molecular
models showed astructural homology between [Ala17]-hCGRP 8-37, [Ala20]-hCGRP 8-37 and
hCGRP 8-37 in the C-terminal segment Asn31-Phe37 as well as hydrogen bonding between
Val28 and Asri1 . These structural similarities are not observed with [^la ]-hCGRP 8-37.
Therefore, the structure of the C-terminal segment of hCGRP 8-37 appears to be critical for
antagonistic activity at CORP 1 receptors.
Key words: peptide structure, calcitonin gene-related peptide, nuclear magnetic resonance,
molecular modeling, analogues.
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Abbreviations: BOP, benzotriazol-1 -yl-oxy-tris-(dimethylamino)phosphonium
hexafluorophosphate; CGRP, calcitonin gene-related peptide; DMSO-de,
dimethylsulfoxide-ds; DQFCOSY, double-quantum-tiltered correlation spectroscopy;
hCGRP 8-37, fragment 8-37 of the human calcitonin gene-related peptide; hCGRPa,
a-form ofthe calcitonin gene-related peptide; NOESY, nuclear Overhauser
enhancement spectroscopy; RMSD, root-mean-square deviation; TOCSY, total
correlation spectroscopy.
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The calcitonin gene-related peptide (CGRP) is a 37-residue neuropeptide displaying multiple
actions on neuronal tissue, skeletal muscle, the cardiovascular system and as an
inflammatory mediator (1). Two types of receptors have been identified, CGRP1 and CGRP2
(1-3). The CORP 8-37 fragment, devoid of the N-terminal disulfide-bridged cycle, has been
found to be a potent CGRP antagonist at the CGRP1 receptor site (4-6). It has been reported
to produce hypothermic and antinociceptive effects (7) and to inhibit oedema (8).
The solution structure of human CORP 8-37 (hCGRP 8-37) has been studied by
circular dichroism in 1,1,1,3,3,3-hexafluoro-2-propanol: water (9) and 2,2,2-trifluoroethanol:
water (10) mixtures and by two-dimensional 1H NMR spectroscopy in dimethylsulfoxide-dg
(11). All studies display a significant loss of helix structure in hCGRP 8-37 relative to hCGRP.
In the NMR study, hydrogen bonding between the amide carbonyl oxygen ofVal28 and the
amide NH proton ofAsn was observed but the remaining structure is mostly disordered (11).
Replacement of specific amino acids by better helix-promoting residues, such as
alanine (12), is a technique that has been applied to several peptides in order to enhance the
helix character and hopefully produce analogues with better agonist or antagonist activity (13-
15). Specific alanine replacement has been applied to hCGRP 8-37 and has produced
analogues with increased or reduced antagonistic activity (Quirion, R., Dumont, Y., Fournier,
A. and St-Pierre, S., unpublished). Table 1 presents the biological activities of hCGRP 8-37,
[Ala17]-hCGRP 8-37, [Ala20]-hCGRP 8-37 and [Ala21]-hCGRP 8-37 in two tissue preparations:
guinea pig left atria which contains CGRP1 receptors and rat vas deferens which contains
CGRP2 receptors. Compared to hCGRP 8-37, [Ala17]-hCGRP 8-37 is approximately twice as
potent antagonist to CGRP1 receptors, [Ala20]-hCGRP 8-37 is equipotent and [Ala21]-hCGRP
8-37 is three times less potent. hCGRP 8-37 and the three analogues are weak antagonists
to CGRP2 receptors (Table 1).
In this study, we report the structural analysis of these three alanine analogues of
hCGRP 8-37 (Table 1) performed by two-dimensional 1H NMR spectroscopy and molecular
modeling. Although the peptides do not display much regular structure, homology analysis
allows to correlate the structures with the antagonistic properties towards the CORP 1 and
112




The peptides hCGRPa, hCGRP 8-37 and its alanine analogues were synthesized according
to the solid-phase peptide synthesis method following a procedure described previously (5,
16). Briefly, the syntheses were performed with a homemade manual multireactor synthesizer,
using a benzhyclrylamine resin as solid support and benzotriazol-1-yl-oxy-tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP) as coupling agent. Side-chain
protection of cr-te/t-butoxycarbonyl amino acids was as previously reported (5). Deprotection
of side chains and cleavage of peptides from the resin were achieved by treatment with liquid
hydrofluoric acid in the presence of m-cresol. After precipitation and washing with anhydrous
diethyl ether, the crude peptides were extracted with pure trifluoroacetic acid, followed by
evaporation. The oily material was dissolved in water and lyophilized. The formation of the
disulfide bridge of the cyclic peptides was performed in a degassed 80% acetic acid solution
(1 mg/ml peptide) to which an equal volume of iodine solution (13 mM), dissolved in the same
solvent, was added. The final solution was incubated for 2.5 h with occasional shaking. Then,
zinc dust was added until a discolored solution was obtained. After filtration, the solution was
evaporated to 50 ml, and 250 ml 0.06% trifluoroacetic acid/h^O solution was added before
lyophilization. After alkaline treatment of peptides, the crude preparations were purified by
preparative reverse-phase high-performance liquid chromatography. The purity of all peptides
exceeded 98%. Purified peptides were characterized by analytical HPLC, capillary
electrophoresis and amino acid analysis.
NMR spectroscopy
Synthetic [Ala17]-hCGRP 8-37, [Ala20]-hCGRP 8-37 and [Ala21]-hCGRP 8-37 (7 mg) samples
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were dried overnight under vacuum at 40°C and dissolved in 100% dimethylsulfoxide-dg
(DMSO-dg, 0.5 ml) to yield a concentration of 4.5 mM. The sample solutions were introduced
in 5 mm NMR tubes and purged with argon gas to remove oxygen.
One- and two-dimensional 1H NMR spectra were recorded at 500.13 MHz and at 298
K on a Bruker AMX2 500 spectrometer. Double-quantum-filtered correlation spectroscopy
(DQFCOSY), total correlation spectroscopy (TOCSY, mixing times 60-90 ms) and nuclear
Overhauser enhancement spectroscopy (NOESY, mixing times 100-300 ms) spectra were
collected using the time proportional phase incrementation mode with 1024 data points and
256 ti increments and with 32, 16 and 64 transients, respectively. The temperature
dependences of the NH chemical shifts were measured on TOCSY spectra acquired at 300,
305,310, 315, 320, 325 and 330 K.
Processing of NMR spectra was performed on a Silicon Graphics Indigo R4000 XZ
workstation using the program FELIX 2.30 (Biosym Technologies, Inc., San Diego CA). Prior
to Fourier transformation, two-dimensional spectra were multiplied by a 30° shifted sinebell
function. Data were zero-filled to yield a 2048 x 2048 matrix with a digital resolution of 3.0
Hz/point. Sequential assignments were performed using conventional methods (17). The
observation of relatively sharp linewidths is inconsistent with dimer formation.
In order to obtain distance constraints, cross-peak intensities were estimated from the
200-ms NOESY spectra. NOE intensities were classified as strong, medium and weak
corresponding to upperbound constraints of 3, 4 and 5 A, respectively. When equivalent
proton nuclei were present on a same group, a distance correction corresponding to the
maxima! distance between the pseudoatom and the protons was added to the constraint (17).
Both intraresidue connectivities for protons separated by more than four bonds and
interresidue connectivities were used as constraints for molecular modeling.
Molecular Modeling
Molecular modeling calculations were carried out on the Silicon Graphics workstation using
softwares purchased from Biosym Technologies, Inc. (INSIGHT II, DISCOVER, DGII,
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HOMOLOGY version 2.35). The extended structure of each peptide, built using the consistent
valence forcefield, was first submitted to 500 iterations of conjugate gradient energy
minimization with a RMS gradient of 0.001 A followed by molecular dynamics simulation using
5 fs time steps to generate 105 conformations sampled at every 100 fs. Cluster analysis of
these conformations on the basis of interatomic distances allowed to classify them into five
families of conformations. The lowest energy conformation in each family was energy
minimized for 1000 iterations using the steepest descent algorithm. The NMR constraints
were then introduced in each of the five structures and the distance-geometry algorithm
(DGII) was used to create an initial set of structures based on the experimental distance
constraints. The structures were subsequently refined via 1000 iterations of conjugate
gradients energy minimization. Twenty structures were generated for each of the five starting
conformations. The quality of the final structures was analyzed on the basis of the number
of NOE distance violations and backbone root-mean-square deviation (RMSD) values. A
pairwise comparison of the peptide structures was performed by the HOMOLOGY program
to determine the structurally conserved regions (18). The homology threshold criterion was




The assignments of the 1H NMR signals of [Ale;7 ]-hCGRP 8-37, [Ale?0 ]-hCGRP 8-37 and
[Ala21]-hCGRP 8-37 were performed from the analysis of the DQFCOSY, TOCSY and NOESY
spectra and comparing with the already reported spectra of hCGRP and hCGRP 8-37 (11).
Most amino acid spin systems were identified from the connectivity patterns observed in
DQFCOSY and TOCSY spectra. The aromatic signals of the histidine and phenylalanine
residues were identified from the P-Ar NOESY connectivities. Sequential assignments were
obtained from interresidual connectivities involving backbone and side chain protons. An
unambiguous assignment could be obtained for all three analogues. Signals of lower intensity
due to cis Pro29 could be observed in the region of residues 27-31.
The chemical shifts of hGGRP 8-37, [Ala17]-hCGRP 8-37, [Ale?°]-hCGRP 8-37 and
[Ala21]-hCGRP 8-37 are very similar, as shown in Table 2. The main differences between the
alanine analogues and CGRP 8-37 are observed in N-terminal segment. [Ala17]-hCGRP 8-37
presents five significant chemical shift differences (more than 0.05 ppm) in the region of
residues 12-24 whereas [Ala20]-hCGRP 8-37 presents seven such differences in the region
of residues 10-24. Two such differences are observed for [Ala21]-hCGRP 8-37 at positions
22 and 35. Only [Ala21]-hCGRP 8-37 shows a chemical shift difference in the C-terminal
segment.
Temperature coefficients
The temperature dependences of the chemical shifts of the amide protons are given in Table
3. Significant differences (more than 0.5 ppm/K) in the values of the temperature coefficients
between the alanine analogues and hCGRP 8-37 are observed mostly in the N-terminal
segment before residue Lys24. Most of these differences coincide with the chemical shift
differences discussed above. Therefore, the majority of the differences in chemical shifts
(Table 2) and in temperature coefficients (Table 3) between hCGRP 8-37 and the alanine
analogues are observed for the N-terminal region up to Lys24, suggesting that the structure
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of this region is the most affected by the replacement. Moreover, both chemical shifts and
temperature coefficients demonstrate that only [Ala21]-hCGRP 8-37 presents differences for
the C-terminal residues Lys35 and Ala36.
Two-dimensional NMR
Following the analysis of the NOESY spectra, mostly intraresidue and short range interresidue
connectivities were observed. For hCGRP 8-37, 174 intraresidue and 126 interresidue (93
sequential; 17 i,j+2; 12 i,i+3; 3 i,i+4; 1 long range) connectivities were identified (11). For
[Ala17]-hCGRP 8-37, 156 intraresidue and 122 interresidue (78 sequential; 27 i,i+2; 9 i,i+3; 1
j,i+4; 7 long range) connectivities could be identified. In the case of [Ala20]-hCGRP 8-37, 163
intraresidue and 41 interresidue (35 sequential; 6 i,i+2) were observed. For [Ala21]-hCGRP 8-
37, 162 intraresidue and 83 interresidue (70 sequential; 10 i,i+2; 3 i,i+3) connectivities were
identified. Diagonal plots for all four peptides are shown in Fig. 1. Since all spectra were
recorded under identical conditions, the reduced number of interresidue connectivities for
[Ala20]-hCGRP 8-37 is most likely attributable to increased mobility, especially in the C-
terminal segment. The absence of a large number of medium range connectivities is
inconsistent with the presence of helical structure for all peptides. The significant presence
ofhelical structure reported previously for hCGRP 8-37 in 1,1,1,3,3,3-hexafluoro-2-propanol:
water (9) and 2,2,2-trifluoroethanol: water (10) mixtures on the basis of circular dichroism
measurements is most likely attributable to the solvent difference.
Molecular modeling
Following the molecular modeling procedure described above, 51, 63, 38 and 49 of the 100
final structures converged onto an identical folding pattern for hCGRP 8-37, [Ala17]-hCGRP
8-37, [Ala20]-hCGRP 8-37 and [Ala21]-hCGRP 8-37, respectively. The calculated backbone
RMSD values were 1.52 A, 1.60 A, 1 .93 A and 1.81 A for hCGRP 8-37, [Ala17]-hCGRP 8-37,
[Ala20]-hCGRP 8-37 and [Al^1 ]-hCGRP 8-37, respectively. For all four peptides, no NOE
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distance violations exceeded 0.5 A at the end of the molecular modeling procedure. Fig. 2
displays the superimposed backbones of ten converging structures of each peptide.
The lowest energy structures of each alanine analogue peptide was compared to low
energy hCGRP 8-37 structures using the HOMOLOGY modeling program in order to identify
the structurally conserved regions. These calculations indicate that the C-terminal segment
Asn31-Phe37 is structurally conserved in [Ala17 ]-hCGRP 8-37 and [Ala?0 ]-hCGRP 8-37 with
RMSD values of less than 0.75 A (Fig. 3). Such is not the case for [Ala21]-hCGRP 8-37. The
structure of the N-terminal and central segments do not display any homology for all three
analogue peptides. Hydrogen bonding was observed between the amide NH proton of Asn31
and the amide carbonyl oxygen of Val28 for hCGRP 8-37, [Ala17]-hCGRP 8-37 and [AlcT ]-
hCGRP 8-37. In the case of [Ala21]-hCGRP 8-37, hydrogen bonding was observed between
the amide proton of Asn31 and the P-hydroxyl oxygen of Thr30.
Comparison of the structures of these four hCGRP 8-37 peptides demonstrates the
importance of the C-terminal segment for biological activity at CGRP1 receptors. When the
structure of this segment is conserved, as is the case for [Ala17]-hCGRP 8-37 and [Ala20]-
hCGRP 8-37, the antagonistic activity of the peptide for CGRP1 receptors is conserved
(Table 1). However, \/vhen this structure is altered, as is the case for [Ala21]-hCGRP 8-37, the
antagonistic activity for CGRP1 receptors is severely reduced. The existence of hydrogen
bonding between the amide carbonyl oxygen of Val2 and the amide NH hydrogen of Asn31
appears to be an essential feature for activity. These results are in agreement with the fact
that short C-terminal fragments such as hCGRP 23-37 (19) and [Tyr°]-CGRP 28-37 (20) are
CGRP1 antagonists. They can also be paralleled with the loss of activity observed for hCGRP
in CGRP1 receptors when the terminal phenylalanine residue was removed or chemically
modified (21-23). In the case of CGRP2 receptors, the antagonistic activity of all three alanine
analogues was reduced relative to hCGRP 8-37, although it is very weak in all cases (Table
1). This could suggest that this activity is more associated with the N-terminal portion of the
peptide, since all three analogues were affected in this region. Therefore, the present results
clearly suggest that different portions of the hCGRP 8-37 are associated with the activities
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at receptors CGRP1 ad CGRP2. This characteristic, if confirmed by structure-activity studies
of other analogues, represents a key element for the design of new CGRP antagonists.
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TABLE 1























a In the case of hCGRP 8-37 and analogues, ECgo is the concentration of hCGRPa necessary
to produce 50% of the maxima! response induced in the presence of 1 IJM analogue peptides.
This value is the mean ± standard deviation of values obtained for 5-15 tissue preparations.
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Diagonal plot of interresidual NOE connectivities observed for (a) hCGRP 8-37, (b) [Ala17]-
hCGRP 8-37, (c) [Ala20]-hCGRP 8-37 and (d) [Ala21]-hCGRP 8-37 in DMSO-de. A fjlled square
indicates that at least one backbone-backbone connectivity was observed between the two
residues, a shaded square indicates that at least one backbone-sidechain connectivity was
observed and an open square indicates that only sidechain-sidechain connectivities were
observed.
FIGURE 2
Superposition of ten low energy structures for (a) hCGRP 8-37, (b) [Ala17]-hCGRP 8-37, (c)
[Ala20]-hCGRP 8-37 and (d) [Ala21]-hCGRP 8-37 calculated by molecular modeling using NOE
constraints.
FIGURE 3
Superposition of the lowest energy structure for hCGRP 8-37, [Ala17]-hCGRP 8-37 and [Ala20]-
hCGRP 8-37 showing the homology of the C-terminal segment (residues Asn31-Phe37). No
homology was found with [Ala21]-hCGRP 8-37.
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L'objectif du travail de recherche propose dans les chapitres II, III, IV et V etait de
trailer du probleme de la relation structure-activite et de localiser, soit des differences
structurales entre des peptides qui peuvent expliquer leur difference d'activite
biologique, soit I'affinite structurale entre deux molecules qui peut expliquer leur
association. D'apres les resultats obtenus, nous pensons que I'objectif a ete atteint.
Dans Ie chapitre I de ce travail, nous avons determine les structures tridimensionnelles
du hCGRP 1-37 et de son antagoniste Ie fragment hCGRP 8-37 par RMN et
modelisation moleculaire. Nous avons pu etablir des differences structurales
fondamentales qui peuvent expliquer Ie comportement biologique des deux peptides.
Ainsi Ie segment en helice (residu 8-16) dans la structure du hCGRP 1-37 n'est plus
present dans la structure du hCGRP 8-37. L'explication avancee et la plus probable,
est que I'helice est stabilisee par des liaisons hydrogene avec Ie pont disulfure (residu
1-7). Ces elements de structures ont ete confirmes par I'etude de I'effet de la
temperature sur Ie deplacement chimique des protons NH.
Le chapitre V traite de la meme famille de peptides. Ainsi les structures
tridimensionnelles du hCGRP 8-37 et de trois de ses analogues Ala17-, Ala20- et Ala21-
hCGRP 8-37 ont ete determinees par RMN et modelisation moleculaire. Dans cette
etude, nous avons pu demontrer que la structure du segment (Asn31-Phe37) se
conserve dans les trois analogues hCGRP 8-37, Ala17- et Ala20-hCGRP 8-37, ce qui
a permis de suggerer une explication pouvant etre a I'origine de la diminution de
I'activite antagoniste dans Ie cas de I'analogue Ala21-hCGRP 8-37.
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Les eludes anterieures effectuees sur la famille du peptide hCGRP ont indique que
les residus Arg11 a Val23 jouent un role conformationnel des plus importants dans
rinteraction du hCGRP avec son recepteur. Une etude plus approfondie pourrait etre
effectuee en remplagant specrfiquement chaque residu de 11 a 23, en determinant les
structures tridimensionnelles des analogues resultants et en evaluant I'importance de
chaque residu dans Ie maintien des structures.
Dans Ie chapitre III, nous avons etudie les structures de la motiline 1-12 et de dix de
ses analogues (CK>NH)1-2-,..., (CH,NH)10-11-motiline 1-12 a partir de I'effet de la
temperature sur les deplacements chimiques des protons NH. Les structures tertiaires
des trois analogues motiline 1-12, (CHgNH)1'2- et (CH2NH)4"5-motiline 1-12 ont ete
determinees par RMN et modelisation moleculaire. A partir des resultats obtenus,
nous pensons avoir identifie certains elements qui peuvent etre a I'origine, d'un cote
de la reduction de I'activite dans Ie cas des analogues (CH2NH)1'2- et (CHgNH)2'3-
motiline 1-12, et de I'autre cote de la perte totale de I'activite pour les autres
analogues. Ces elements sont les conformations adoptees par les segments Phe1-lle
et Thr6-Arg2. Des etudes plus poussees sont actuellement envjsagees, afin de trouver
des elements de structures identiques entre la motiline et son analogue
I'erythromycine A. En effet, des similitudes interessantes ont ete observees entre la
structure de cette derniere et cede de la portion N-terminale de la motiline.
Dans Ie chapitre IV, nous avons etudie Ie complexe YSPTSPSY-ADN en utilisant deux
approches en mecanique moleculaire. L'application de la methode PEPSEA comme
premiere approche, nous a permis d'analyser les populations de conformations
accessibles au peptide YSPTSPSY, d'en selectionner les plus stables et de les
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comparer aux structures experimentales. A I'aide de I'arrimage comme deuxieme
approche, nous avons etudie la formation du complexe YSPTSPSY-ADN et des
arguments bases sur des donnees structurales et energetiques ont ete suggeres pour
expliquer la formation et la stabilite du complexe. La comparaison de la conformation
du complexe et des interactions intermoleculaires avec celle d'un complexe similaire
resolu experimentalement nous a convaincu de la validite et de I'interet des methodes
utilisees. Dans la continuite de ce travail, nous sommes actuellement en train de
resoudre par RMN a deux dimensions les structures du peptide, du fragment d'ADN




1. I.L KARL The peptides: analysis, synthesis, biology. V.4. Modern techniques
of conformational, structural, and configu rational analysis. Chap. 4, Edite par
E. Cross et J. Meienhofer, Academic Press, New York (1981).
2. J. GUNNING et T. BLUNDELL. The peptides: analysis, synthesis, biology. V.4.
Modern techniques of conformational, structural, and configurational analysis.
Chap. 2, Edite par E. Cross et J. Meienhofer, Academic Press, New York
(1981).
3. R.W. WOODY. The peptides: analysis, synthesis, biology. V.7. Conformation
in biology and drug design. Chap. 2, Edite par VJ. Hruby, Academic Press,
New York (1985).
4. P.W. SCHILLER. The peptides: analysis, synthesis, biology. V.7. Conformation
in biology and drug design. Chap. 2, Edite par VJ. Hruby, Academic Press,
New York (1985).
5. K. WUTHRICH, G. WIDER, G. WAGNER et W. BRAUN. J. Mol. Biol. 169. 921
(1982).
6. K. WOTHRICH, NMR of proteins and nucleic Acids. Wiley, New York, (1986).
7. G.M. Clore et A.M. Gronenborn. CRC Grit. Rev. Biochem. Mol. Biol. 24, 479
(1989).
8. G.P. GIPPERT, P.F. WRIGHT et D.A. Case. Biochem. Pharmacol. 74, 15
(1990).
9. K. WUTHRICH. Science. 243. 45 (1989).
10. M.J.S. DEWAR et W.J. THIEL J. Am. Chem. Soc. 99, 4899 (1977).
11. M.J.S. DEWAR. Further perspectives in organic chemistry. Elsevier.
Amsterdam, p. 109 (1978).
12. P.K. WEINER et PA KOLLMAN. J. Comput. Chem. 2, 287 (1981).
135
13. B.R. BROOKS, R.E. BRUCOLLERI, B.D OLAFSON, D.J STATES, S.
SWAMINATHAN et M. KARPLUS. J. Comput. Chem. 4, 187 (1983).
14. P. DAUBER-OSGUTHORPE. VA. ROBERTS, DJ. OSGUTHORPE, J. WOLF,
M. GENEST et A.T. HAGLER, Proteins: structure, function and genetics. 4, 31
(1988).
15. G. NEMETHY, M.S. POTTLE et H.A. SCHERAGA. J. Phys. Chem. 87, 1883
(1983).
16. F.A. MOMANY, L.M. CARRUTHERS, R.F. McGUIRE et HA SCHERAGA. J.
Phys. Chem. 78. 1595 (1974).
17. B.R. GELIN et M. KARPLUS. J. Am. Chem. Soc. 97, 6696 (1975).
18. A.T. HAGLER, P.S. STERN. R. SHARON, J.M. BECKER et F. NADER. J. Am.
Chem. Soc. 101. 6842 (1979).
19. R.A. DAMMKOELER, S.F, KARASEK.. E.F.B SHANDS et G.R. MARSHALL
J. Comput Aided Mol. Des. 3, 19 (1989).
20. M. VASQUEZ et H.A. SCHERAGA. Biopolymers. 24, 1437 (1985).
21. M.KARPLUS et G.A. PETSKO. Nature. 347. 631 (1990).
22. W.F. VAN GUNSTEREN. Curr. Opin. Struct. Biol. 3, 277 (1993).
23. B.R. BROOKS. Proceedings from supercomputer research in chemistry and
chemical engineering. Edite par D. Truhler et K. Jensen. Am. Chem. Soc.,
Washington, DC (1987).
24. A.E. HOWARD et P.A. KOLLMAN. J. Med. Chem. 31, 1669 (1988).
25. N. METROPOLIS, A.W. ROSENBLUTH, A.H. TELLER et E. TELLER. J. Chem.
Phys. 21,1087 (1953).
26. S. FRAGA et J.M.R. PARKER. Amino Acids. 7. 175 (1994).
27. S. KIRKPATRICK, C.D. GELAT. Jr., et M.P. VECCHI. Science. 220. 4598
(1983).
28. S.D. O'CONNOR, P.E. SMITH, F. AL-OBEIDI et B.M. PETTITT. J. Med. Chem.
35,2870(1992).
136
29. C.A. HASSANI. La generation et I'analyse des populations de structures
peptidiques en vue d'etudierles hypersurfaces d'energie conformationnelle en
mecanique classique. These de Doctorat, Universite de Sherbrooke (1991).
30. T.F. HAVEL Prog. Biophys. Mol. Biol. 56, 43 (1991).
31. T.F. HAVEL Biopolymers. 29, 1565 (1990).
32. L.M. BLUMENTHAL Theory and application of distance geometry, Chelsea,
N.Y. (1970).
33. A.T. BRUNGER et M. KARPLUS. Ace. Chem. Res. 24. 54 (1991).
34. T.L. BLUNDELL, B.L SIBANDA, M.J.E. STERNBERG et J.M. THORNTON.
Nature. 326, 347 (1987).
35. T.L BLUNDELL, D. CARNEY, S. GARDNER, F. HAYES, B. HOWLIN, T.
HUBBARD, J. OVERINGTON, D.A. SINGH, B.L SIBANDA et M. SUTCLIFF.
Eur. J. Biochem. 172. 513 (1988).
137
